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ABSTRACT 
Environmental concerns over use of fossil fuels to generate power and the finite 
supply of these resources have driven major efforts for alternative energies. At the same 
time, the development of nanotechnology has blossomed to propose strategies and 
materials for renewable and less energy-intensive end-user devices, such as solar cells 
and LED lighting. Two examples of promising candidates for energy applications are 
germanium-based nanocrystals and lead halide perovskite nanocrystals.  
Germanium-based materials have limited absorption efficiency due to their 
indirect band gap. To address this, germanium-tin alloy nanocrystals were synthesized to 
promote direct band gap character. A full characterization demonstrated tin incorporation, 
but a direct band gap was not observed. Addition of a cadmium sulfide shell typically 
results in improved photoluminescence, and the incorporation of tin into germanium-
tin/cadmium sulfide core/shell nanocrystals resulted in up to 15× improvement over pure 
germanium/cadmium sulfide nanocrystals. This is likely due to improved epitaxy 
(smaller lattice mismatch) between the core and shell material.  
Lead halide perovskite nanocrystals have demonstrated amazing potential for 
solar energy capture but are hampered by stability concerns. All-inorganic cesium lead 
halide perovskite nanocrystals have been prepared to impede the typical degradation 
pathways (ambient moisture and oxygen). To assess nanocrystal stability the 
photophysics of cesium lead halide nanocrystals were measured as a function of halide 
content under ambient conditions, solar simulated light, and heating. We observed several 
phenomena including crystal growth (liberation of ligands), photoannealing, crystalline 
phase changes, and shifting time constants for single crystal photoluminescence data. All 
viii 
of these observations lead to a more realistic picture of the stability of these nanocrystals, 
which will still likely require encapsulation or surface protection to be effective in long-
term device use.  
In addition to materials synthesis and characterization, new instrumental 
techniques are critical for the next generation of energy capture and storage solutions. To 
this end we constructed a saturated excitation microscope in order to measure the 
photoluminescence of inorganic semiconductor quantum dots, capable of subdiffraction 
imaging through demodulation at harmonics (nf, n = 2, 3, etc) of the excitation 
modulation frequency (f). By demodulating at 3f, a 36% increase in resolution was 
observed compared to the fundamental image, which will be useful characterizing thin 




CHAPTER 1.    GENERAL INTRODUCTION – ENERGY-RELEVANT 
INORGANIC NANOCRYSTALS 
The field of nanotechnology has redefined or directly led to the development of 
several new fields in the landscape of renewable or sustainable energy, most notably  in 
photovoltaics for solar energy capture and optoelectronics for lighting applications.1  Major 
research avenues in nanoscience revolve around three main areas: synthesis of new 
materials or improved syntheses of existing materials, characterizations of unique 
properties of these materials due to their nanoscale dimensions, and development of 
applications for these materials in industry or society. The research contained in this 
volume primarily revolves around nanocrystal characterization, where the unique 
properties of the materials studied are measured via several complementary instrumental 
methods. To understand the utility of fundamental research on the photophysical 
characteristics of nanocrystals, discussion of nanocrystal-derived devices as well as 
microscopy techniques that rely on nanocrystals will be given. 
In materials science, the number of possible materials to study is nearly limitless; 
even when limited to nanomaterials related to sustainable energy there are dozens of 
materials related to solar energy, hydrogen generation, and advanced batteries.1 The vast 
majority of photovoltaic devices in use today are silicon-based, but emerging 
nanomaterials show great promise due to their strong absorption combined with tunable 
emission.2 One class of nanomaterials of particular interest are lead halide perovskites due 
to suitable band gap, high luminescence quantum yield, and solution processability. At the 
core of the photovoltaic cell is the absorber layer, responsible for light collection and 
electron generation, and thus the composition of the absorber layer determines the overall 
2 
photon conversion efficiency (PCE) of the device. Though many nanomaterials have been 
studied as potential silicon replacements, none have received as much attention over the 
last 10 years as lead halide perovskites, most notably due to their meteoric rise in PCE 
(from ~4% to over 20%).3 The perovskite structure has the  general formula ABX3, where 
A and B are two cations of differing sizes which both bond to the anion X. Since the 
demonstration of lead-based perovskites (methylammonium lead bromide, CH3NH3PbBr3) 
as solar cell sensitizers in 2006,4 this crystal structure has been adapted to myriad different 
combinations of cations and metal centers with goals ranging from increased stability 
towards oxygen and moisture to reduced toxicity.5-6 The current record PCE of a cesium 
lead halide perovskite-based solar cell is 13.4%, achieved through surface treatment by AX 
salts in the functional device absorber layer.7 Other studies show increased stability through 
addition of tri-octylphosphine to the perovskite layer while still maintaining an 11.2% 
PCE.8   
Germanium-based nanomaterials have also garnered attention as less toxic 
alternatives to more conventional luminescent semiconductors, such as cadmium 
dichalcogenides, in applications such as photovoltaic cells, photodetectors, as well as 
biological imaging.9 Germanium, like silicon, exhibits an indirect band gap that limits light 
absorption and thus luminescence quantum yield. Still, previous work showed the potential 
for tin doping to create a more direct band gap through strain.10 The work described in 
Chapter 2 sought to understand the effect of tin doping on the luminescence properties of 
germanium nanocrystals.   
A tremendous number of studies have been published regarding the synthesis, 
photophysical properties, and functional devices of lead halide-based perovskite materials, 
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including considerable work on the nanocrystalline form.2, 5, 8, 11-22 Many studies focused 
on derived devices that can be constructed using the perovskite nanocrystals as the absorber 
layer, but our approach was to gain fundamental information about the photophysics of 
these light-harvesting materials. The work described in Chapter 3 sought to understand the 
photophysics and stability of cesium lead halide perovskite nanocrystals as a function of 
halide composition.   
 Microscopy techniques are critical to the study of materials for use in energy-
related applications. However, conventional optical methods are inherently restricted 
spatially by Abbe’s diffraction limit, 𝑑 ≈  
𝜆
2𝑁𝐴
. That is, the smallest area that can be probed 
by a given measurement is on the order of hundreds of nanometers, even using high 
numerical aperture objectives. Much work has been done to circumvent the diffraction limit 
to allow for more precise localization of unique properties such as fluorescent tags or 
quantum dots in biological systems.23-34 Most of these techniques rely on one of two 
strategies: spatial or temporal modulation of the excitation light or localization of photo-
activated fluorophores. In addition, there are several reports that highlight the importance 
of nanocrystals or quantum dots in microscopy techniques.  
Many single particle tracking strategies rely on bright, stable photoluminescence of 
quantum dots to visualize movement of biomolecules in dynamic systems.35 The quantum 
dots are typically labeled with antibodies specific to the target biomolecule in order to 
maximize binding affinity and reduce non-specific binding. Ma et al. were able to recently 
target single gene loci in the nuclei of cells via colocalization of two different quantum dot 
transcription activator-like effector (TALE) conjugates.36 Single gene loci are typically 
related to genetic disease or pathogen infection. The two distinct TALE sequences bind to 
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either side of a target gene and the two distinct quantum dots appear in the same location 
in images, indicating the single gene locus. Gonda and coworkers sought to diagnose risk 
of recurrence of breast cancer by quantum dot imaging of patient tissues with their 
developed anti-protease-activated receptor1 (anti-PAR1) antibodies which specifically 
bind to cancerous tissue.37 They also developed an autofluorescence subtraction method 
using several bandpass filters in order to better visualize signal from quantum dots and 
eliminate high autofluorescence false-positives. An in vivo study by Han et al. showed 
quantum dot-antibody conjugates allow for imaging of rare endogenous cells in live mice.38 
Especially for in vivo studies, the bright and stable photoluminescence of quantum dots 
paired with simple conjugation of several classes of antibodies make them excellent 
candidates for long term studies.   
Although less common than localization-based subdiffraction imaging, another 
approach to subdiffraction imaging is saturated excitation microscopy, popularized and 
demonstrated by Katsumasa Fujita.33, 39-42 Initial concepts for subdiffraction imaging 
combined structured illumination with saturated excitation,43-44 but Fujita showed 
saturation was sufficient for modest resolution gains. This technique involves saturation 
of the excited state via high laser powers and modulation (at the frequency f) of the 
excitation source. The high laser power induces nonlinearity in the fluorescence signal, 
which generates signal at overtone frequencies (2f, 3f, etc.) that can be demodulated. The 
benefit is the signal from the overtone frequencies comes from the centermost portion of 
the diffraction limited spot, and thus subdiffraction information can be collected. The 
extent of the resolution improvement is proportional to the degree of saturation, which is 
correlated to laser power and other properties. Practical limitations in the attainable 
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resolution are the decreasing signal-to-noise ratio (SNR) of higher harmonic overtones 
and photodamage to the sample, but current systems have shown ~140 nm resolution 
using fluorescent nanodiamond.41 In Chapter 4, ideas from saturated excitation are 
combined with photoluminescence from inorganic semiconductor quantum dots. An 
instrument was constructed that allowed for the modulation of the excitation laser, 
rastering of the sample across the objective for image collection, as well as demodulation 
of the luminescence signal. The degree of resolution improvement in saturated 
luminescence images collected at harmonics compared to the fundamental frequency is 
quantified, as well as other observations on the broad distribution of resolution gains on a 
single quantum dot basis.  
 
Thesis Organization 
This thesis is composed of two parts: in part 1 (Chapters 2 and 3) I describe 
efforts to characterize nanomaterials with downstream applications in photovoltaic or 
related devices, while in part 2 (Chapter 4) I demonstrate a subdiffraction microscope 
based on frequency-modulated quantum dot luminescence. 
In Chapter 2, we investigate the effect of tin doping into germanium nanocrystals 
in an effort to improve photoluminescence quantum yield through band gap tuning. In 
Chapter 3, the photo- and thermal stability of cesium lead halide perovskite nanocrystals 
in ambient conditions is reported. Chapter 4 describes the development of a saturated 
excitation microscope capable of subdiffraction information from the photoluminescence 
of inorganic nanocrystal quantum dots. The data presented in Chapters 2 and 3 were 
collected in collaboration with the Vela and Petrich groups, Department of Chemistry, 
Iowa State University, while Chapter 4 was a collaboration with the Petrich group.  
6 
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17. Rainò, G.; Nedelcu, G.; Protesescu, L.; Bodnarchuk, M. I.; Kovalenko, M. V.; 
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CHAPTER 2.    GERMANIUM–TIN/CADMIUM SULFIDE CORE/SHELL 
NANOCRYSTALS WITH ENHANCED NEAR-INFRARED 
PHOTOLUMINESCENCE 
 
Brett W. Boote†, Long Men†, Himashi P. Andaraarachchi, Ujjal Bhattacharjee, Jacob W. 
Petrich, Javier Vela*, Emily A. Smith* 
 
Modified from a manuscript published in Chemistry of Materials, 2017, 29, 6012-6021. 
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Abstract 
Ge1-xSnx alloy nanocrystals and Ge1-xSnx/CdS core/shell nanocrystals were 
prepared via solution phase synthesis and their size, composition, and optical properties 
were characterized. The diameter of the nanocrystal samples ranged from 6 to 13 nm. The 
crystal structure of the Ge1-xSnx materials was consistent with cubic diamond phase while 
the CdS shell was consistent with the zinc blende polytype. Inclusion of Sn alone does 
not result in enhanced photoluminescence intensity, however, adding an epitaxial CdS 
shell onto the Ge1-xSnx nanocrystals does enhance the photoluminescence up to 15× over 
Ge/CdS nanocrystals with a pure Ge core. More effective passivation of surface 
defects—and a consequent decrease in surface oxidation—by the CdS shell as a result of 
11 
improved epitaxy (smaller lattice mismatch) is the most likely explanation for the 
increased photoluminescence observed for the Ge1-xSnx/CdS materials. With enhanced 
photoluminescence in the near-infrared, Ge1-xSnx core/shell nanocrystals might be useful 




 Ge-based materials have garnered significant attention recently as alternatives to 
other well-studied luminescent semiconductors, such as cadmium and lead 
chalcogenides.9, 45 Materials made of elemental Ge have band gaps in the 0.67 to 1.6 eV 
range for bulk and highly confined (~2-3 nm) nanocrystals, respectively.46 The large blue 
shift in the band gap of the nanocrystals is due to size-dependent quantum confinement. 
Though prone to oxidation when uncoated, Ge nanocrystals have been shown to exhibit 
increased stability as well as enhanced photoluminescence when a suitable shell is 
added.47-48 
 Ge initially would seem to have limited utility in energy applications due to its 
inherent indirect band gap, which lowers its absorption cross-section and quantum yields. 
Recent reports suggest incorporation of Sn into Ge nanocrystals and thin films should 
produce a more direct band gap as a result of lattice strain.49-51 For thin films, modifying 
the substrate on which the films are grown also allows the strain to be tuned while 
keeping the Sn composition constant.52 A careful study of the bowing parameter on Ge1-
xSnx films showed the crossover Sn content to be x = 0.087, which was higher than 
previously predicted.53 It has also been shown by Senaratne et al. that n-type doping of 
Ge1-xSnx films enhances the photoluminescence.
54 Recently, Stange et al. demonstrated a 
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strain-dependent indirect-to-direct band gap transition in Ge0.875Sn0.125 thin films grown 
on Ge buffer layers.55 Band gap characteristics of related Ge-rich Ge1-xSix films have also 
been studied as a step toward the design of ternary systems based on Si, Ge, and Sn.45 
Over the last decade, various methods to prepare Ge nanocrystals have been 
developed. Reduction of germanium halides (GeCl4, GeBr2, GeI2 or GeI4) using strong 
reducing agents (NaBH4, LiAlH4, etc.) in the presence of suitable surfactants 
[oleylamine, octadecene (ODE), trioctylphosphine (TOP)] is widely used to make 
monodisperse Ge nanocrystals.56-65 Heating a solution of GeBr2 or GeI2 with a surfactant 
has also been shown to generate Ge nanocrystals.66-68 Co-reduction of GeI2 and GeI4 is 
another common strategy for generating Ge nanocrystals in the ~2-20 nm size regime, 
where the precursor ratio controls the particle size.46, 69-73 The polymerization of [Ge9]
4- 
or other related Zintl ions, both with and without linking cations such as Ge4+ or Pt2+, 
generates highly ordered, porous Ge nanocrystals.74-78 Other preparations involve 
reduction of Ge-rich oxides,79-84 heat-assisted reduction of the GeH2 Wittig adduct 
Ph3PCMe2·GeH2·BH3,
85-86 laser photolysis of Ge(CH3)4 or GeH4 gas,
87-89 photolysis of 
Ge wafer,90 electroless deposition on preformed Ag nanocrystals,91 Au-catalyzed vapor-
liquid-solid growth using GeH4
92 or diphenylgermane,93 ultrasonic aerosol pyrolysis of 
tetrapropylgermane,94 solution or solid phase reduction of NaGe,95 plasma decomposition 
of GeCl4
96-98 or GeH4,
99 sulfur-assisted thermal decomposition of triphenylgermanium 
chloride,100 and heating a solution of an alkylgermane in various high-temperature 
organic solvents.101  
The preparation of Ge-Sn alloy nanocrystals typically follows one of the 
aforementioned strategies with the addition of a suitable Sn precursor, such as tin(II) 
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chloride (SnCl2) or bis(trimethylsilyl)amide [Sn(HDMS)2].
10, 49 A recent report showed 
the bottom-up formation of Ge1-xSnx nanowires grown from Sn nanocrystals.
102 The 
concentration of Sn in these nanowires was found to be 12.4 atom% (x = 0.124). Ge1-xSnx 
nanowires have also been formed from mixed Ge(II) and Sn(II) imido cubane 
precursors.103 Spherical, Sn-rich Ge-Sn nanocrystals within a Ge matrix were prepared by 
annealing a Ge-Sn alloy layer cast between two thick layers of Ge.104 Small aspect ratio 
Ge-Sn nanorod heterostructures have been prepared in one-pot through sequential 
additions of Sn and Ge precursors.105 There are also several reports on Ge-Sn alloy thin 
films to study strained and relaxed phases.50, 52, 106-107 
Raman spectroscopy is very useful for the characterization of multiple component 
inorganic materials. It can be used to characterize amorphous vs. crystalline materials101 
and to determine strain within alloy systems.49, 102-103 Lin et al. independently found the 
contributions of alloy composition and strain to the shift in the Ge-Ge longitudinal optical 
(LO) phonon in Ge1-xSnx films by tuning substrate topology.
52 They found a linear 
dependence between the Raman shift and film strain (Δω = -(563 ± 34)ε cm-1) as well as 
Sn composition (Δω = -(82 ± 4)x cm-1) where ε is the strain (in fractional form) and x is 
the Sn composition. Esteves et al. measured the Ge LO phonon mode by Raman 
spectroscopy for spherical Ge1-xSnx nanocrystals with increasing Sn content up to x = 
0.279.49 Increasing Sn content was associated with a lower Raman shift from ~294 to 287 
cm-1, which they attributed to combined alloy composition and lattice strain. Using 
Raman spectroscopy and scanning tunneling electron microscopy with energy dispersive 
X-ray spectroscopy (STEM-EDX), Seifner et al. correlated a shift in the LO phonon 
mode with varying Sn content for Ge1-xSnx nanorods.
103 A maximum shift in the LO 
14 
phonon mode of -15 cm-1 was observed for nanorod sections where the mole fraction of 
Sn was at least 0.20. Similar behavior in Ge1-xSnx nanorods was observed by Biswas and 
coworkers.93  
X-ray photoelectron spectroscopy (XPS) is another technique well suited to 
characterize Ge materials since they are prone to oxidation. XPS data for Ge1-xSnx 
nanocrystals synthesized by Ramasamy et al. showed typical peaks corresponding to Ge0, 
Ge2+, Ge4+, Sn0, and a broad, overlapping peak for Sn2+ and Sn4+.10 Relatively high ratios 
of the metallic peak to the oxidized peaks correlate to very little surface oxidation of 
these nanocrystals. Esteves and coworkers observed similar results, where three types of 
peaks were present: metallic Ge0 and Sn0 peaks from interior atoms, Ge2+ and Sn2+/4+ 
peaks from atoms bound to passivating ligands, and a small Ge4+peak from GeO2 at the 
surface.49 It has also been shown by XPS that treating Ge nanocrystals with dilute HCl 
removed a high percentage of a GeO2 layer at the surface, with weakly bound Cl
- acting 
as a passivating ligand.88 Indeed, all reports on the preparation of Ge nanocrystals where 
XPS was performed show strong peaks for Ge0 and small contributions from oxidized 
species, whether they are attributed to surface ligands and/or surface oxidation (GeO2).
62, 
72, 108 
The photoluminescence (PL) properties of Ge-based materials are highly sensitive 
to the resultant size of the nanocrystals as well as other properties such as the capping 
ligand used.46-47, 61, 96, 109 Lee et al. prepared Ge nanocrystals stabilized with 1-octadecene 
that exhibited luminescence maxima from 900 to 1400 nm for diameters 3.2 to 4.0 nm.61 
Ruddy and coworkers demonstrated luminescent 2.3-4.7 nm nanocrystals capped with 1-
octadecene prepared by co-reduction of GeI2 and GeI4 with size-dependent near-infrared 
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PL from 860-1230 nm.46 Guo et al. demonstrated 7 nm Ge/4.9CdS core/shell 
nanocrystals that exhibited a PL maximum at 950 nm.47 Wheeler and coworkers showed 
4.8-10.2 nm Ge nanocrystals capped with alkyl chains synthesized in the vapor phase that 
exhibit PL from 1200-1610 nm.96 Recently, Robel and coworkers monitored the 
combined effect of temperature and high magnetic field on the PL lifetimes of Ge 
nanocrystals, which showed splitting between closely-spaced states as well as mixing 
between dark and bright states all contribute toward the indirect PL.109 The intricacies of 
these widely varying optical properties are not clear: surface states very likely play a role 
for the luminescence in the visible region, as this extent of a blue shift from the bulk band 
gap is not explained by confinement alone. 
Temperature-dependent PL studies have also been performed to examine the 
direct and indirect band gap contributions of Ge1-xSnx materials.
110-111 The Arachchige 
group has demonstrated highly confined Ge1-xSnx nanocrystals showing PL in the 620 to 
770 nm range, which closely follow calculations using ab initio HSE hybrid functional 
theory. They also used time-resolved PL at low (15 K) and ambient temperatures to 
further understand carrier dynamics.112-113 PL lifetimes at 15 K were found to be 3-27 μs, 
three orders of magnitude slower than at room temperature, owing to slow recombination 
of carriers in surface traps and spin-forbidden dark excitons. Temperature effects on the 
PL of very thin Ge1-xSnx films have also been studied, showing a monotonic thermal PL 
quenching despite the indirect nature of the band gap.114  
Reported herein are the comparative solution phase synthesis, characterization, 
and optical properties of Ge1-xSnx alloy nanocrystals vs. Ge1-xSnx/CdS core/shell 
nanocrystals. All nanocrystalline samples were characterized by X-ray diffraction (XRD), 
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transmission electron microscopy (TEM), Raman spectroscopy, X-ray photoelectron 
spectroscopy (XPS), and steady-state and time-resolved near infrared PL spectroscopy. 
The purpose of this work is to better understand the photophysical properties of Sn-doped 
Ge-based nanocrystals that may be useful for energy-related applications such as 
photovoltaics, light emitting devices (LEDs) or, with appropriate surface passivation,115-
116 as near-infrared active luminescent biological markers. 
 
Experimental Section 
 Materials. Cadmium oxide (CdO, 99.998%), sulfur (S8, 99.999%) and oleic acid 
(90%) were purchased from Alfa Aesar; n-butyllithum (n-BuLi, 1.6 M hexane solution), 
bis[bis(trimethylsilyl)amido]tin(II) (Sn(HMDS)2, ≥99.0%), oleylamine (OLA, ≥80-
90.0%) and dioctylamine (octyl2NH, 98%) were purchased from Sigma-Aldrich; 
hexadecylamine (hexadecylNH2, 98%) and 1-octadecene (ODE, 90%) were purchased 
from Acros; and germanium(II) iodide (GeI2, 99.99+%-Ge) was purchased from Strem. 
Procedures were performed under a dry inert gas atmosphere (N2 or Ar) inside a 
glovebox or Schlenk line, unless specified otherwise. 
 Preparation of Ge and Ge1-xSnx (core) nanocrystals. Germanium cores were 
synthesized by a modified literature procedure.47 Briefly, GeI2 (0.049 g, 0.15 mmol) was 
added to an oven-dry, four-neck 250 mL round-bottom (R.B.) flask containing 
hexadecylamine (0.75 g, 3.1 mmol). The contents were degassed under vacuum at 80°C 
for 30 min, refilled with dry Ar, and heated to 200°C. A mixture of n-BuLi (0.2 mL of 
1.6 M hexane solution) and ODE (0.75 mL) was quickly injected while stirring. The 
temperature was raised from 200°C to 300°C, and the mixture further stirred for 1 h 
before cooling to room temperature (R.T., 21°C). The nanocrystals were purified by 
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crashing three times with 10 mL of a 1:1 or 1:3 v/v acetone/methanol solution and 
centrifugation at 4500 rpm for 5 min, followed by redispersion in 5 mL of toluene. 
Ge1-xSnx cores were prepared by a modified reported procedure.
10 Briefly, GeI2 
(0.049g, 0.15 mmol) and oleylamine (5 mL for Ge0.95Sn0.05; 10 mL for Ge0.75Sn0.25) with 
a varied amount of Sn(HMDS)2 (0.018 g, 0.04 mmol for Ge0.95Sn0.05; 0.066 g, 0.15 mmol 
for Ge0.75Sn0.25) were added into a four-neck 250 mL round-bottom flask in a glovebox. 
The mixture was degassed under vacuum at 80 °C for 30 min, refilled with dry Ar, and 
heated to 230 °C for Ge0.95Sn0.05 or 280°C for Ge0.75Sn0.25. The mixture was annealed for 
30 min for Ge0.95Sn0.05 cores or 5 min for Ge0.75Sn0.25 cores before cooling down to R.T.. 
It should be noted that the exact compositions of Ge1-xSnx nanocrystals varied somewhat 
from batch to batch; the low Sn inclusion preparation varied from 4-8% Sn, while the 
high Sn inclusion preparation varied from 23-28%. For simplicity, these are labeled as 
Ge0.95Sn0.05 and Ge0.75Sn0.25, respectively.  
Preparation of Ge/CdS and Ge1-xSnx/CdS (core/shell) nanocrystals. Ge/CdS or 
Ge1-xSnx/CdS core/shell nanocrystals were prepared as follows: precursor solutions of Cd 
and S were prepared by a literature procedure.47 0.1 M Cd(oleate)2 solution: CdO (318 
mg, 2.48 mmol), oleic acid (3.09 g, 10.9 mmol), and ODE (7.11 g, 28.2 mmol) were 
degassed under vacuum at 80°C for 60 min, refilled with Ar, and heated to 240°C until 
optically clear. The mixture was allowed to cool down to R.T., and (octyl)2NH (12.5 mL, 
41.4 mmol), previously degassed at 80°C for 30 min, injected into it. 0.1 M S8 solution: 
S8 (79.0 mg, 2.47 mmol) and ODE (19.7 g, 78.1 mmol) were degassed under a vacuum at 
80°C for 30 min, refilled with Ar, and heated to 180°C for 20 min until optically clear. 
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To prepare core-shell nanocrystals with excess precursors (one-pot synthesis), a 
batch of freshly prepared Ge1-xSnx cores (in amine or amine/ODE) solution, ODE (1.5 
mL, 4.7 mmol), and (octyl)2NH (1.5 mL, 5.0 mmol) were added to a four-neck 250 mL 
R.B. flask. The mixture was degassed at 80°C for 30 min, refilled with Ar, and heated to 
230°C for Ge and Ge0.95Sn0.05 or 250°C for Ge0.75Sn0.25). Cd and S precursors were 
alternately injected using two programmable syringe pumps, each followed by a 15 min 
wait. The S precursor was injected first. 15 min after the last Cd injection, the mixture 
was allowed to cool to R.T.. Core-shell nanocrystals were washed as described above for 
Ge1-xSnx nanocrystals. 
 To prepare core-shell nanocrystals without excess precursors, the procedure 
above was repeated using nanocrystal cores where excess precursors have been removed 
following the purification method above. Toluene was removed under vacuum prior to 
shell growth. 
 Optical Characterization. Solution optical density (absorption plus scattering) 
spectra were measured with a photodiode array 8453 UV-visible spectrophotometer 
(Agilent, Santa Clara, CA). Steady-state photoluminescence (PL) spectra were measured 
using a Horiba-Jobin Yvon Nanolog scanning spectrofluorometer equipped with a liquid 
nitrogen-cooled InGaAs photodiode array. To account for sample concentration, PL 
intensities were divided by the optical density at the excitation wavelength of 350 nm. 
Photoluminescence lifetime measurements were performed using a previously described 
setup with a Nd:YAG laser (Continuum) and an avalanche photodiode.117 The samples in 
toluene solution were excited at 532-nm with a pulse energy of 1 mJ/cm2. The time-
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resolved photoluminescence was collected using an 800-nm long-pass filter and the 
decay trace was fit to a single or double exponential decay as needed. 
Raman microspectroscopy was performed on nanocrystals using a 532-nm 
Sapphire SF laser (Coherent, Santa Clara, CA) illuminating a DM IRBE inverted light 
microscope (Leica Microsystems, Buffalo Grove, IL) fitted with a 100× oil (1.47 NA) 
objective. The nanocrystal solutions were drop cast onto glass slides and dried under 
ambient conditions. The scattered light was passed into a HoloSpec spectrometer (Kaiser 
Optical Systems, Ann Arbor, MI) equipped with a Newton 940 CCD camera (Andor 
Technology, Belfast, United Kingdom). The laser power density was 1.3 × 104 W/cm2 
with a laser spot size of 1 μm, and the acquisition time was 60 s. The data were plotted 
using IGOR (WaveMetrics, Portland, OR). 
Infrared spectroscopy was performed on a Bruker Vertex 80 FT-IR spectrometer 
equipped with a MIR_IR_XPM detector with 16 scans at a resolution of 4 cm–1. The 
samples were prepared as drop cast thin films on NaCl salt plates. Background spectra 
were collected under identical conditions, and samples were continuously purged with 
dry N2 to minimize water vapor absorbance. 
 Structural Characterization. Powder X-ray diffraction (XRD) was measured 
using Cu Kα radiation on a Rigaku Ultima diffractometer. X-ray photoelectron 
spectroscopy (XPS) measurements were performed using a Kratos Amicus/ESCA 3400 
instrument. The sample was irradiated with 240 W non-monochromated Mg Kα x-rays, 
and photoelectrons emitted at 0 ° from the surface were analyzed using a DuPont-type 
analyzer. The pass energy was set at 75 eV. CasaXPS was used to process raw data files. 
The binding energy of C 1s at 284.6 eV was used as a reference. Depth profiling was 
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performed using monoatomic Ar ion sputtering for 8 s, followed by XPS acquisition. The 
acceleration voltage used was 500 V in order to minimize ion-induced reduction. Sample 
rotation during sputtering was used to achieve uniform etching. Transmission Electron 
Microscopy (TEM) was conducted using a FEI Tecnai G2 F20 field emission TEM 
operating at up to 200 kV. Samples were prepared by placing 1 or 2 drops of 
concentrated toluene solutions onto carbon-coated copper grids. Elemental composition 
was characterized by energy-dispersive spectroscopy (EDX). Nanocrystal dimensions 
were measured with ImageJ. The longest dimension was measured and reported. At least 
300 nanocrystals were counted in each case. Uncertainties in all measurements are 
reported as standard deviations. 
 
Results and Discussion 
Synthesis and Characterization of Ge1-xSnx Core Nanocrystals. Ge, 
Ge0.95Sn0.05, and Ge0.75Sn0.25 nanocrystals were prepared and characterized by powder X-
ray diffraction (XRD). Patterns of Ge1-xSnx nanocrystals shown in Figure 1 confirm the 
crystalline products are homogeneous nanoalloys of Ge and α-Sn in the cubic diamond 
phase with 𝐹𝑑3𝑚 space group. The composition of Sn incorporated in the cubic Ge 
lattice was calculated based on Vegard’s Law: 𝑎(𝐺𝑒1−𝑥𝑆𝑛𝑥) = 𝑎(𝑆𝑛)(𝑥) + 𝑎(𝐺𝑒)(1 − 𝑥). 
Here, 𝑎 is the lattice parameter of the sample or standard and 𝑥 is the composition of Sn 
in the nanocrystal. Structural parameters of the Ge and Ge1-xSnx nanocrystals, as well as 
CdS, are shown in Table 1 and Figure 2. The shift in the diffraction peak to lower 2θ 
angles indicates a lattice expansion from 5.658 Å (Ge) to 5.706 Å (Ge0.95Sn0.05) and 5.870 
Å (Ge0.75Sn0.25). To ensure the measured peak shift was not due to any measurement 
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variables, such as the sample height in the XRD instrument, Si powder was used as an 
internal standard to align the experimental pattern for all samples. As is often the case in 
low temperature, solution-synthesized nanocrystals,48 the molar ratios of Ge:Sn used in 
the synthetic preparations were not conserved in the nanocrystal. For instance, the 
Ge0.75Sn0.25 sample was prepared from a 1:1 molar ratio of Ge:Sn. This could be 
explained, in part, by the comparatively large cationic radius of Sn2+ compared to Ge2+, 
which contributes to Sn having a relatively low solubility in bulk Ge of about ~1%.118 
However, Sn incorporation as high as 42% has been reported in Ge1-xSnx nanocrystal 




Figure 1. Experimental powder X-ray diffraction (XRD) patterns of Ge and Ge1-xSnx alloy 
nanocrystals. The standard powder XRD patterns of bulk Ge, α-Sn, and Si diamond (* = used as 
an internal standard) are shown for comparison. 
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Table 1. Structural parameters of Ge and Ge1-xSnx nanocrystals. 
Material Crystal structure Lattice parameter (Å) Lattice mismatcha 
CdS zinc blende 5.832 0 
Ge diamond 5.658 +3.0% 
Ge0.95Sn0.05 diamond 5.706 +2.2% 
Ge0.75Sn0.25 diamond 5.870 -0.65% 




Figure 2. Lattice parameter of Ge1-xSnx nanocrystals as a function of Sn incorporation. 
Ge0.75Sn0.25 nanocrystals have the smallest lattice mismatch with the cubic CdS (5.832, horizontal 
dashed line), compared to Ge or Ge0.95Sn0.05. The dashed gray line is a linear regression to the 
data. 
  
To accurately characterize the morphology and size of the nanocrystals, TEM 
images were collected (Figure 3). Size histograms for each sample are shown in Figure 
S1. Overall, the samples are well dispersed spheroidal nanocrystals with crystal sizes of 6 
± 1 nm (Ge), 6 ± 1 nm (Ge0.95Sn0.05), and 11 ± 2 nm (Ge0.75Sn0.25). Adding more Sn 
precursor always leads to larger core particles. In an effort to make Ge1-xSnx cores 
comparable in size to Ge cores, we lowered the precursor solution concentration and 
shortened the reaction time. However, while this approach works well for Ge0.95Sn0.05 
with a particle size of 6 ± 1 nm, the smallest Ge0.75Sn0.25 we could synthesize still has a 
23 
relatively large particle size of 11 ± 2 nm. In addition to TEM, energy dispersive 
spectrometry (EDX) was performed to assess the particle composition and homogeneity 
(Table 2). EDX data of Ge1-xSnx nanocrystals shows good agreement with the theoretical 
elemental composition calculated by Vegard’s Law. 
Table 2. TEM-EDX analysis of Ge, Ge1-xSnx and Ge1-xSnx/CdS nanocrystals. 




Ge 6 ± 1 100, 0, 0, 0 100, 0, 0, 0 
Ge0.95Sn0.05 6 ± 1 95, 5, 0, 0 90 ± 1, 10 ± 1, 0, 0 
Ge0.75Sn0.25 11 ± 2 75, 25, 0, 0 78 ± 3, 22 ± 3, 0, 0 
Ge/3.4CdS 8 ± 2 19, 0, 41, 41 7 ± 1, 0, 49 ± 1, 44 ± 1 
Ge0.95Sn0.05/3.4CdS 8 ± 2 29, 2, 35, 35 67 ± 9, 8 ± 7, 18 ± 8, 7 ± 3 
Ge0.75Sn0.25/3.4CdS 13 ± 2 28, 9, 31, 31 58 ± 3, 4 ± 2, 16 ± 2, 22 ± 1 




Figure 3. Ge1-xSnx core and Ge1-xSnx /CdS core/shell nanocrystals: (a) Ge (6 ± 1 nm), (b) 
Ge/CdS (8 ± 2 nm), (c) Ge0.95Sn0.05 (6 ± 1 nm), (d) Ge0.95Sn0.05/CdS (8 ± 2 nm), (e) Ge0.75Sn0.25 
(11 ± 2 nm), (f) Ge0.75Sn0.25/CdS (13 ± 2 nm). The average size measured from more than 300 
nanocrystals is provided in parentheses. 
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Raman spectra for the Ge-Ge LO phonon mode of pure Ge and Ge1-xSnx alloy 
nanocrystals are shown in Figure 4a. As the Sn content is increased, the Ge LO phonon 
mode is shifted by -1.2 cm-1 (Ge0.95Sn0.05) and -4.4 cm
-1 (Ge0.75Sn0.25). For the Ge1-xSnx 
alloy system, two additive factors determine the observed peak shift in the Ge-Ge LO 
phonon: the compositional (pure mass) effect and lattice strain. Deconvoluting the 
compositional effect and strain has been performed on films, where substrate conditions 
allow for tuning the strain.52, 106-107, 119-120 For small nanocrystals it is likely that the 
compositional effect dominates since strain within the alloy can be dissipated due to a 
high surface area.93 The smaller Raman shifts are thus primarily attributed to the larger 
Sn atoms expanding the crystal lattice as shown by XRD; longer (weaker) bonds are 
associated with a shift to lower energies. A plot of the Sn compositional dependence of 
the Ge-Ge LO phonon is shown in Figure 4b. For two batches of Ge1-xSnx nanocrystals 
prepared in the same way the best-fit line produced different slopes despite similar 
compositions being measured by XRD: Δω(x) = -(17 ± 1)x and Δω(x) = -(42 ± 5)x where 
x is the Sn composition. At present, it is unclear why the two sets of experiments showed 
different compositional dependence, and why these values are different than those 
reported for nanorods93 and strain-free films107—further experiments are underway to 
investigate this. The line traces shown in Figure 4a are two-peak Gaussian fits to the 
experimental spectra to account for asymmetry at lower Raman shifts. Asymmetry in the 
phonon peaks of small nanocrystals is attributed to contributions from surface optical 
(SO) phonons, which are typically slightly lower in energy than the corresponding LO 
phonons.121-122 SO phonons are more prominent for anisotropic crystals.123 The Sn-Ge 
LO phonon was not observed in the Raman spectrum of the nanoalloy, which is 
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consistent with previous work on thin films.107 A Raman spectrum of GeO2 was also 
acquired to investigate the possibility of interference from surface oxidation (Figure S2), 
but no GeO2 bands are observed in the 280 to 320 cm
-1 Ge-Ge LO phonon range, which 
is consistent with the literature.124 Likewise, no additional bands that correlate to GeO2 
were observed outside this spectral range for the Ge and Ge1-xSnx nanocrystal samples. 
 
 
Figure 4. (a) Normalized Raman spectra for Ge and Ge1-xSnx alloy nanocrystals and (b) Sn 
compositional dependence of Ge-Ge LO phonon peak position. As the Sn content increases, the 
Ge LO phonon peak is shifted to lower wavenumbers and the FWHM increases. Spectra were fit 
to 2-peak Gaussian curves (solid lines) to account for asymmetry. Average Raman peak 
properties are listed in Table S1.  
 
Synthesis and Characterization of Ge1-xSnx/CdS Core/Shell Nanocrystals. 
Freshly synthesized Ge1-xSnx cores were reacted with Cd and S precursors alternately to 
form CdS shells using the successive ion layer adsorption and reaction (SILAR) 
method.47, 125 Two preparation methods were employed: one using the synthetic mixture 
of the Ge1-xSnx cores without removing the residual precursors (one-pot synthesis), 
referred to as the crude Ge1-xSnx sample, and the second using cores re-suspended in 
toluene after purification via centrifugation, referred to as the purified Ge1-xSnx sample. 
The XRD patterns and Raman spectra of the crude Ge1-xSnx samples showed unwanted 
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SnS (Figure S3). Because the core/shell synthesis using crude core solutions did not 
generate monodisperse core/shell nanocrystals, all core/shell samples discussed in the 
remaining text were prepared using purified cores. Figure 5 shows XRD patterns of the 
core/shell nanocrystals. The Ge/CdS sample showed mainly hexagonal wurtzite structure. 
Ge/CdS nanocrystals with a predominately wurtzite structure have been reported 
previously for a preparation using crude core solution.47 Polytypism in group IV and II-
VI nanocrystals, as well as in their epitaxial (core/shell, etc.) systems is relatively 
common, and can be size-dependent.126-128  
 
 
Figure 5. Experimental powder X-ray diffraction (XRD) patterns of Ge/CdS and Ge1-xSnx/CdS 
core/shell nanocrystals. The standard powder XRD patterns of bulk CdS zinc blende (cubic), CdS 
wurtzite (hexagonal), and Si diamond (* = used as an internal standard) are shown for 
comparison. 
 
To make the core/shell nanocrystals with different Sn incorporations comparable, 
we grew CdS shells with similar thicknesses. TEM images in Figure 3 show, in all cases, 
the core/shell nanocrystals increase 2 nm in diameter compared to their uncoated or bare 
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cores. When compared to the known lattice parameter of CdS (either wurtzite or zinc 
blende give similar results), this shell thickness corresponds to the growth of 3.4 
monolayers of CdS on the Ge1-xSnx cores. Area EDX scans containing several Ge1-xSnx 
cores agree with their theoretical elemental composition; albeit the Ge content in Ge1-xSnx 
/CdS core/shells appears to be larger than the theoretical value. EDX elemental mapping 
of individual particles show that a majority of Ge1-xSnx cores are coated with CdS 
(Figure S4). Many of these core/shell particles have a relatively inhomogeneous shell, 
which is consistent with well-documented studies on CdSe/CdS core/shell 
nanocrystals.115-116, 129-131 
As in the classical CdSe/CdS system, inhomogeneous surface coverage in Ge1-
xSnx /CdS core/shell nanocrystals is not an immediate problem, at least in terms of 
ensemble optical properties, as it is able to provide enough surface passivation to enhance 
and stabilize PL compared to the bare Ge1-xSnx cores. High resolution high-angle annular 
dark-field (HAADF) STEM images of a Ge0.75Sn0.25/CdS nanocrystals (Figure S5) show 
the presence of continuous lattice fringes throughout each particle. 
Raman spectra for the Ge1-xSnx/CdS core/shell nanocrystals are shown in Figure 
S6. The Raman shift of the Ge-Ge LO phonon mode for the Ge/CdS nanocrystals is 
shifted by a statistically significant +1.1 cm-1 relative to the nanocrystals without a shell. 
This implies the shell generates compressive strain on the core, due to the smaller lattice 
parameter of CdS wurtzite compared to Ge (Ge = 5.658 Å, CdS wurtzite a = 4.135 Å). If 
CdS (with a peak maximum at 300 cm-1) spectrally interfered with the Ge LO optical 
phonon mode (with a peak maximum <296 cm-1 in the core material), we would expect 
the peak FWHM to increase. We conclude that CdS does not spectrally interfere in our 
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data, as the peak FWHM is the same or slightly decreased for the core/shell nanocrystals. 
In addition, no peaks were measured for pure CdS nanocrystals measured under similar 
acquisition parameters as those used to collect the data in Figure S6. For the Ge1-xSnx 
core/shell samples, the shifts in the LO phonon mode upon shell addition are insignificant 
(Table S1). The lattice parameter for CdS zinc blende (5.82 Å) is closer to the lattice 
parameter of the alloy core materials (Table 1), particularly Ge0.75Sn0.25, which is 
consistent with minimal compressive strain and a negligible phonon mode shift. The 
smaller lattice mismatch between the Ge1-xSnx core nanocrystals and the CdS shell 
facilitates epitaxial growth of the latter. 
X-Ray Photoelectron Spectroscopy of Ge/CdS and Ge1-xSnx/CdS Core/Shell 
Nanocrystals. XPS survey spectra of all core/shell nanocrystal samples are shown in the 
supporting information (Figure S7). XPS depth profiling was performed to reveal the 
sub-surface information of the Ge/CdS core/shell nanocrystals and to corroborate the 
formation of a core/shell structure (Figure 6). We analyzed the chemical states of Ge, 
Cd, and S. There is no Ge signal above the noise in the initial etching cycles. After a few 
etching cycles, emerging peaks at ~29.5 eV in the Ge 3d energy region and ~1217 and 
1250 eV in the Ge 2p energy region that correspond to metallic Ge0 were measured, 
along with a shoulder peak at ~32-33 eV corresponding to Ge2+/4+ (Figure 6a). These 
data are consistent with the chemical state of purified Ge core without any shell growth 
(Ge0), which exhibits a peak at ~29.5 eV, and mild surface oxidation (Ge2+/4+). 
Furthermore, the core/shell nanocrystals exhibited peaks throughout the etching at ~405 
and ~412 eV corresponding to Cd, and a peak at ~162 eV, which corresponds to S2- 
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(Figure 6c-d). This substructure information provides confirmation for the chemical 




Figure 6. XPS depth profiles of Ge/CdS core/shell nanocrystals. Depth profiling uses an ion 
beam to etch the layers of the sample revealing sub-surface information; each etching cycle is 8 s 
and total etching time is indicated by the color of the spectra. Ge nanocrystals with no shell are 
shown as dashed lines in (a) and (b) for reference, and all the spectra are calibrated to 
adventitious carbon at 284.6 eV. 
 
We similarly analyzed the chemical states of Ge, Sn, Cd, and S in the purified 
Ge1-xSnx and Ge1-xSnx/CdS core/shell nanocrystals (Figure 7). XPS confirms the element 
distribution in alloy nanocrystals. The Ge 3d peak at ~29.5 eV and a shoulder around 
~32-33 eV corresponds to Ge0 and Ge2+/4+ species, respectively. The peak at ~486 eV 
corresponds to Sn4+ species (SnO2). Ge and Sn in higher oxidation states indicate post-




Figure 7. X-ray photoelectron spectra (XPS) of (a-b) Ge0.95Sn0.05 , (c-d) Ge0.95Sn0.05/CdS, (e-f) 
Ge0.75Sn0.25, and (g-h) Ge0.75Sn0.25/CdS nanocrystals. All the spectra are calibrated to adventitious 
carbon at 284.6 eV. 
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Luminescence Properties of Ge1-xSnx Core and Ge1-xSnx/CdS Core/Shell 
Nanocrystals. The solution phase optical density spectra of Ge and Ge1-xSnx 
nanoscrystals show no prominent absorption features (Figure 8), which could be due to 
the small bandgap (0.66 eV, 1876 nm for bulk Ge, Figure S8) being out of our 
instrument range. The Ge1-xSnx/CdS core/shell nanocrystals have absorption onsets at 
450-500 nm, which is consistent with the bandgap of quantum confined CdS shells 




Figure 8. Solution phase optical density (absorption and scattering) spectra of Ge, Ge1-xSnx, 
Ge/CdS and Ge1-xSnx/CdS nanocrystals suspended in toluene. 
  
 
Photoluminescence spectra of the nanocrystals corrected for optical density at the 
excitation wavelength of 350 nm are shown in Figure 9. For the nanocrystals without shells, 
the signals from all samples were too low to confidently discriminate them from the instrument's 
background. This means there is no detectable PL from any of the core-only nanocrystals. 
Sn inclusion in the alloy nanocrystals is thus not associated with an increase in 
luminescence intensity. Assuming the doped and undoped samples had similar surface 
defects and surface oxidation, there is no indication that a more direct band gap character 
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was achieved in the Sn-doped nanocrystals, as an enhanced PL response was not 
measured. On the other hand, all the core/shell nanocrystals display an enhanced near 
infrared PL compared to the Ge1-xSnx and Ge nanocrystals without shells. With a bulk 
band gap of 0.66 eV (Figure S8), the PL spectra indicate these core/shells are also 
quantum confined. The PL enhancements of Ge0.75Sn0.25/CdS and Ge0.95Sn0.05/CdS were 
15× and 12× greater than Ge/CdS, respectively. The luminescence intensity decreases 
when oxidation is measured by the presence of a Ge-O band in the FT-IR spectrum. 
Ge0.75Sn0.25/CdS core/shells where no oxidation was present show the highest PL 
intensity. In another set of experiments where oxidation was measured by FT-IR 
spectroscopy (for example Figure S9 shows an example of oxidation in the Ge0.75Sn0.25 
sample), the oxidized core/shells exhibited 100× lower luminescence than the non-
oxidized Ge0.75Sn0.25/CdS sample (Figure 9). The observed PL enhancement is most  
 
 
Figure 9. Relative near infrared photoluminescence (PL) spectra of the Ge and Ge1-xSnx cores 
and requisite core/shell nanocrystals. The intensity is normalized by the optical density at the 
excitation wavelength, λexc = 350 nm. The Ge, Ge0.95Sn0.05, Ge0.75Sn0.25, and oxidized 
Ge0.75Sn0.25/CdS samples overlap on this scale. 
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likely due to more effective surface passivation by the CdS shell on the Ge1-xSnx cores, 
because Sn inclusion in the core without the shell did not result in a higher PL response 
(see above), whereas oxidation reduces luminescence. Considering the lattice parameters 
of the core and shell, doping the core with Sn leads to improved epitaxy (smaller lattice 
mismatch with the shell). This may produce improved crystal growth for core/shell 
nanocrystals with fewer defects within the crystals that can quench photoluminescence. 
Excited-state lifetime measurements for the core/shell nanocrystals are shown in 
Figure 10. These measurements were performed on only the core/shell nanocrystals 
because the PL intensity of the core-only particles was too low to measure the lifetimes. 
The Ge/CdS nanocrystals yielded a lifetime of 4.1 µs, which is similar to the previous 
finding of Guo et al.47 Upon incorporation of Sn in the Ge core, the PL lifetimes 
decreased to 2.8 and 1.0 µs for Ge0.95Sn0.05/CdS and Ge0.75Sn0.25/CdS, respectively. The 
observed decrease in PL lifetime along with higher steady state PL intensity in the  
 
 
Figure 10. Time-resolved photoluminescence traces of Ge/CdS, Ge0.95Sn0.05/CdS, and 
Ge0.75Sn0.25/CdS core/shell nanocrystals. The decays of Ge/CdS and Ge0.95Sn0.05/CdS are single-
exponential with lifetimes of 4.1 µs and 2.8 µs, respectively, while a double-exponential was used 
for Ge0.75Sn0.25/CdS, yielding an average lifetime of 1.0 µs. 
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core/shell nanocrystals could be indicative of a more direct band gap. However, there 
may be no correlation between the steady state PL intensity and the lifetimes of these 
materials. In order to correlate these two measurements, one would have to show the 
emitting states are the same for all types of nanocrystals; however, and unlike the case of 
coating cores of the exact same material but having different sizes, there is no reason to 
assume this is the case for our series because they are based on chemically distinct cores 
(materials with different doping levels). 
 
Conclusion 
 Ge1-xSnx alloy nanocrystals and Ge1-xSnx core/shell nanocrystals were prepared via 
solution-based synthesis and characterized by XRD, TEM, Raman, optical, and X-ray 
photoelectron spectroscopy. Incorporation of Sn did not increase the PL intensity in the 
cores, but core/shell nanocrystals prepared using the Sn-doped cores and CdS shell show 
up to 15× enhanced PL when compared to Ge/CdS materials. This is explained by 
improved epitaxy between the lattice-expanded Sn-doped Ge cores and the structurally 
similar CdS shell, along with reduced surface oxidation. The combination of scalability 
and improved PL intensities make these Ge1-xSnx core/shell nanocrystals promising 
alternatives to other near infrared-active materials for use as functional materials in solar 
cells and LEDs. In addition, these nanocrystals have potential as anode materials in 
advanced lithium ion batteries, and when combined with available biocompatibility steps 
(ligand exchange and surface-protection or encapsulation), as near-infrared luminescent 
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Figure S1. TEM size distribution plots for Ge and Ge1-xSnx nanocrystals and core/shell 




Figure S2. Raman spectrum of solid GeO2. 
 Figure S3. Raman spectrum of the Ge0.75Sn0.25 and Ge0.75Sn0.25/CdS core/shell 
nanocrystals made with crude core solution. The core/shell sample show bands that 
correlate to reported Raman peaks of SnS at ~95, 190, and 220 cm-1.133-134 The Raman 
spectra of the Ge0.95Sn0.05/CdS sample prepared with a crude core solution was variable 









Figure S4. Three representative sets of (a) high-resolution HAADF STEM images of 
Ge0.75Sn0.25/CdS nanocrystals with registered EDX elemental mapping for (b) Ge, Sn, Cd, 
and S, (c) Ge, (d) Cd, (e) Sn, and (f) S. 
 
Figure S5. Three sample high resolution high-angle annular dark-field (HAADF) STEM 
images of a Ge0.75Sn0.25/CdS nanocrystals. The average atomic number (Z) of the CdS 
shell, 32, is similar to that of the Ge core material, 32, making contrast comparisons 
difficult. However, the presence of continuous lattice fringes throughout each particle is 
an indication of crystallinity across these core/shell particles. 
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Figure S6. Raman spectra of the Ge1-xSnx/CdS core/shell nanocrystals.  
 
Table S1. Summary of Raman peak locations of the Ge-Ge LO and SO phonon modes 
for the Ge and Ge1-xSnx nanocrystals and core/shell nanocrystals. Each value is an 
average of 5 replicate measurements. All 5 replicate spectra were fit to 2-peak Gaussian 
curves to account for asymmetry due to the SO phonon appearing at lower wavenumbers, 
and the values were subsequently averaged to produce these data. 
Sample 




















 292 ± 1 19 ± 3 280 ± 10 60 ± 10 















Figure S7. XPS survey spectra for Ge and Ge1-xSnx core and core/shell nanocrystals. 
Samples indicated at the lower left of each trace. 
 
Figure S8. Plot of valence and conduction band offsets for Ge, Sn, and CdS. 
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Figure S9. Fourier transform infrared spectra of Ge and Ge1-xSnx core (left) and core/shell 
(right) nanocrystals. Note the intense Ge-O band in the Ge0.75Sn0.25 sample, corresponding 
to increased oxidation in that sample. In another set of experiments no oxidation was 
measured in the Ge0.75Sn0.25 sample as explained in the text.  
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Abstract 
Lead halide perovskites possess unique characteristics that are well-suited for 
optoelectronic and energy capture devices, however, concerns about their long-term 
stability remain. Limited stability is often linked to the methylammonium cation, and all-
inorganic CsPbX3 (X = Cl, Br, I) perovskite nanocrystals have been reported with 
improved stability. In this work, the photostability and thermal stability properties of 
CsPbX3 (X = Cl, Br, I) nanocrystals were investigated via electron microscopy, x-ray 
diffraction, thermogravimetric analysis coupled with FTIR (TGA-FTIR), ensemble and 
single particle spectral characterization.  CsPbBr3 was found to be stable under 1-sun 
illumination for 16 h in ambient conditions, although single crystal luminescence analysis 
after illumination via a solar simulator indicates that the luminescence states are changing 
over time. CsPbBr3 was also stable to heating to 250 °C. Large CsPbI3 crystals (34 ± 5 
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nm) were shown to be the least stable composition under the same conditions as both 
XRD reflections and Raman bands diminish under irradiation; and with heating the  
(black) phase reverts to the non-luminescent δ phase. Smaller CsPbI3 nanocrystals (14 ± 
2 nm) purified by a different washing strategy exhibited improved photostability with no 
evidence of crystal growth but were still thermally unstable. Both CsPbCl3 and CsPbBr3 
show crystal growth under irradiation or heat, likely with a preferential orientation based 
on XRD patterns. TGA-FTIR revealed nanocrystal mass loss was only from liberation 
and subsequent degradation of surface ligands. Encapsulation or other protective 
strategies should be employed for long-term stability of these materials under conditions 
of high irradiance or temperature. 
 
Introduction  
The unique photophysical properties and straightforward synthesis of perovskite-
based materials make them promising materials for solar energy applications.5, 20, 135-136 
The first-generation methylammonium lead halide (MAPbX3) perovskites have been 
shown to degrade rapidly when exposed to ambient conditions with moderate 
humidity,137 which led to the increased study of new compositions such as the all-
inorganic cesium lead halide (CsPbX3) perovskites. CsPbX3 nanocrystals have been 
incorporated into solar cells achieving a record 13.4% power conversion efficiency 
(PCE).7, 138-141 In addition to light absorption or conversion for energy capture, these 
materials have been reported for possible use in laser media,142-145 LEDs,2, 19, 146-147 and 
photodetectors.18, 143, 148 
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Most reported syntheses of CsPbX3 follow the work of Protesescu et al. who 
demonstrated a simple, solution-based synthesis for nanocrystals with high 
luminescence.2 Other syntheses have expanded this general idea by generating multiple 
nanocrystal morphologies through ligand mediation149-150 and reaction tuning,21 by using 
different surface ligands for improved quantum yields,8, 151 by increasing surface 
passivation/repair via salt solutions,152-155 as well as by generating other cation/anion 
compositions through doping12, 16, 22, 146, 156-158 or post-synthetic ion exchange.13, 18, 150, 159-
161 In addition, triple-cation (Cs,formamidinium,methylammonium)PbX3 materials have 
been developed with the goal of increasing stability while maintaining bright 
luminescence.152, 162  
The photophysics of MAPbX3 nanocrystals have been extensively studied,
163-172 
and there are several reports on various luminescence properties of CsPbX3.
17, 173-175 Park 
et al. observed strong photon antibunching as well as blinking behavior ascribed to 
charge/discharge events triggered by photoionization in CsPbBr3 and CsPbI3.
174 Recently, 
Becker et al. showed the lowest triplet exciton for CsPbX3 is bright, which explains the 
anomalously fast emission rates for these materials compared to other semiconductors.176 
Pan et al. first demonstrated lanthanide doping into CsPbCl3, showing improved quantum 
yield and luminescence bands across the visible and even into the near-IR region.177 Both 
transition metals12, 178 and rare earth metals158 have been doped into CsPbX3, achieving 
quantum yields greater than 60% and 170%, respectively. Beimborn et al. studied the 
effect of pressure-induced deformation on the photoluminescence, which leads to a fully 
reversible blue shift with decreasing intensity.179 Raino and coworkers observed 
suppressed blinking and a fast decay from low-temperature (6 K) photoluminescence 
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measurements of CsPbClxBr3-x nanocrystals.
17 In contrast, Diroll et al. studied high 
temperature photoluminescence of CsPbX3 nanocrystals (up to 550 K), showing 
reversible photoluminescence loss below 450 K for CsPbBr3 (the highest threshold 
among the compositions studied).173  
Since CsPbX3 materials have considerable potential for use in functional devices, 
the stability of their nanocrystals is of utmost importance. CsPbCl3 and CsPbBr3 
nanocrystals are reported to be stable in the cubic phase, while CsPbI3 slowly reverts to 
the thermodynamically-favored δ-phase, which is yellow.2 This phase change is 
accelerated with harsh washing reagents and, with a more gentle washing strategy—using 
methyl acetate or MeOAc—CsPbI3, is stable in the γ (black) phase for over 2 months.
180 
Importantly, the δ phase for CsPbI3 is non-luminescent, rendering the material unusable 
for most applications.  Park et al. observe a 16-nm blue shift and eventual degradation in 
CsPbI3 nanocrystals that were caused by the irreversible generation of surface defects 
during photoluminescence measurements.174 Liu and coworkers compare CsPbI3 
nanocrystals stabilized with trioctylphosphine (TOP) to those stabilized with oleic acid 
and oleylamine.151 They found the TOP-stabilized nanocrystals show improved quantum 
yield, and are stable for at least one month under ambient conditions. When dry films of 
the nanocrystals are prepared, however, the common δ-CsPbI3 phase transition is 
observed after 3 days. Yuan et al. demonstrated that CsPbI3 nanocrystals undergo 
irreversible photodegradation that quenches the photoluminescence under light 
irradiation.175 For films in air, photobrightening followed by photodegradation was 
observed under illumination, and degradation is also observed for films in dark, ambient 
conditions. Additionally, several groups have been developing methods of protecting the 
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perovskite structure from moisture, including overlaying silicone resins,181 preparing 
polymer or related composites,182-184 and coating with zwitterion185 or metal 
complexes.146, 186 
A recent report by Liao et al. describes the thermal stability of cesium lead halide 
perovskites from -190 to 500 °C using Raman spectroscopy and XRD.187 They found that 
CsPbCl3 nanocrystals were the most thermally stable among (X=Cl, Br, I) compositions, 
as CsPbBr3 and CsPbI3 nanocrystals decomposed at ~400 and 200 °C, respectively. 
Though several stability studies have been performed on CsPbX3 nanocrystals, as well as 
their derived devices,188 to the best of our knowledge a fundamental study describing how 
the halide composition of the perovskites affects the photostability and photophysical 
states of the nanocrystals has not yet been performed. With this work, we set out to 
understand the connection between the photophysical properties of the CsPbX3 
perovskite materials and their stability under conditions likely encountered in many 
applications, namely light irradiance and thermal stress. 
 
Results and Discussion  
 




General Characterization and Photophysical Properties of CsPbX3 Nanocrystals  
Cesium lead halide perovskite nanocrystals were prepared via a modified 
literature method2 with the goal of understanding their photophysical properties as well as 
their photostabilty and thermal stability. Figure 1 shows electron microscopy images, 
size histograms, and XRD patterns for the cesium lead halide nanocrystals. In general, the 
nanocrystals exhibit cubic morphology, although the CsPbCl3 sample also showed 
evidence of platelets/stacking. When using identical synthetic conditions, the CsPbI3 
sample always formed larger nanocrystals than the other compositions after washing with 
acetone/methanol. The sizes of the nanocrystals washed with acetone/methanol were 17 ± 
3 nm for CsPbCl3, 17 ± 4 nm for CsPbBr3, and 34 ± 5 nm for CsPbI3. The size difference 
should not have a pronounced effect on the nanocrystal photophysics as all of these sizes 
are above the Bohr radii for CsPbX3 nanocrystals.  In an effort, however, to isolate 
CsPbI3 nanocrystals of a smaller size, another sample of crystals was washed with methyl 
acetate. The methyl acetate washed CsPbI3 nanocrystals had a size of 14 ± 2 nm, similar 
to the acetone/methanol washed CsPbCl3 and CsPbBr3 nanocrystals.
180 While the size of 
the nanocrystals are similar, the surface chemistry can vary due to the different wash 
procedures, thus becoming another variable that may affect the photophysics and 
stability. For clarity, the methyl acetate washed sample will be labeled CsPbI3-MeOAc. 
The TEM images of CsPbI3-MeOAc show nearly ideal cubic morphologies, which is 
consistent with highly crystalline surfaces. The XRD patterns of the nanocrystals are 
consistent with cubic standard patterns, although previous work on CsPbX3 nanocrystals 
using Rietveld refinement has shown the PbX6 octahedra can undergo dynamic 
distortions and rotations that lead to disorder and a resultant orthorhombic γ-phase for 
both CsPbBr3 and CsPbI3.
189-190  
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  Solution absorption and photoluminescence spectra for the nanocrystals are 
shown in Figure 2. The photoluminescence λmax data are consistent with literature values 
for these materials and are 413, 523, 698, and 687 nm for CsPbCl3, CsPbBr3, CsPbI3, and 
CsPbI3-MeOAc, respectively.
2 Photoluminescence decay curves (Figure S1) yield 
average lifetimes for CsPbCl3, CsPbBr3, and CsPbI3 of 1.2, 2.3, and 41.5 ns, respectively 
(the CsPbI3-MeOAc sample was not measured). These values are consistent with 
previous reports,2 although the CsPbI3 sample showed a slightly longer lifetime, which is 
likely due to a larger average crystal size for the CsPbI3 nanocrystals.  
 
Figure 2. Solution absorption (black) and photoluminescence (color) spectra of the CsPbX3 
nanocrystals. The full width at half maximum values were 13, 22, 33, and 40 nm for CsPbCl3, 
CsPbBr3, CsPbI3, and CsPbI3-MeOAc, respectively.  
 
To assess the photophysics of the perovskite nanocrystals further, single particle 
luminescence data were recorded for individual CsPbBr3, CsPbI3,  and CsPbI3-MeOAc 
nanocrystals. For the CsPbCl3 sample, the signal-to-noise ratio (SNR) was too low for 
quantification of the luminescence from single crystals, as shown by representative 
images from luminescence movies (Figure S2). This could be due to the presence of 
platelets in this sample, which has been shown to lead to more defects within the material 
due to a high surface area, and thus lower luminescence intensity.191 The 
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photoluminescence traces for CsPbBr3, CsPbI3 and CsPbI3-MeOAc nanocrystals were 
categorized into constant- (intensity not significantly changing), photobleaching- 
(decreasing intensity), photobrightening- (increasing intensity), and bimodal- (two 
distinct intensity levels) luminescence types. Full information on the categories and 
mathematical treatment is available in Supporting Information, with resultsshown in 
Figure S3. In general, the nanocrystals from each halide composition spend the majority 
of the time in the ON state, regardless of luminescence type. The CsPbBr3, CsPbI3, and 
CsPbI3-MeOAc nanocrystals were on for 87%, 97%, and 99% of the total analysis time, 
respectively. However, the populations of constant-, photobleaching-, photobrightening-, 
and bimodal-PL nanocrystals for the same compositions were approximately 4:2:1:1 (Br), 
2:2:2:1 (I), and 5:18:1:1 (I-MeOAc) as shown in Table S1. Thus, while the CsPbBr3 
nanocrystals spend, on average, less total time in the ON state, there is a higher 
population of nanocrystals with stable luminescence when compared to the iodide-
containing samples. CsPbI3 nanocrystals showed similar populations of constant-, 
photobleaching-, and photobrightening-PL, whereas the CsPbI3-MeOAc nanocrystals 
showed the highest tendency for photobleaching and had smaller populations with 
photobrightening- or bimodal-PL behavior. In a previous study on CH3NH3PbI3 
nanocrystals, photobleaching was the most common luminescence type observed, and 
this was attributed to increased non-radiative recombination events as a result of the 
breakdown of the crystal lattice at the surface.164 
From the single crystal luminescence data, ON-OFF event histograms were 
extracted and fit to a power law decay and to a 3-exponential decay, using a maximum 
likelihood method. Maximum likelihood method was used because it has been shown to 
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provide more accurate fit values when compared to residual minimization in sparse data 
sets.192 The results of the ON-OFF fitting are shown in Figure 3, and the fit parameters 
are listed in Table S1.  Tabulating histograms for single nanocrystals (267 for CsPbBr3, 
233 for CsPbI3, and 250 for CsPbI3-MeOAc), the most ON/OFF events were recorded for 
CsPbBr3 nanocrystals, which had approximately 8× and 50× more total events than those 
recorded for CsPbI3 and CsPbI3-MeOAc, respectively. This indicates a higher probability 
of non-radiative recombination centers as a result of surface defects in the CsPbBr3 
sample. Interestingly, CsPbI3-MeOAc nanocrystals have the longest lived ON state, and 
very few recorded OFF events. This is likely due to high crystallinity and reduced surface 
defects (as shown by near ideal cubic morphologies in TEM images). Comparing the  
 
Figure 3. ON-OFF histogram plots of (A, B) CsPbBr3, (C, D) CsPbI3, and (E,F)  CsPbI3-MeOAc 
nanocrystals, based on analysis of 267, 233, and 250 nanocrystals, respectively. The data were fit 
using maximum likelihood estimation to a power law and a 3-exponential to better fit the non-
Gaussian distributions of states.  
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power law and multi-exponential fits, the power law did not produce a good fit for the 
CsPbI3 and CsPbI3-MeOAc ON events, whereas the multi-exponential fit shows the 
tailing (to shorter durations) of the longer lived events. This observation is reminiscent of 
previous work showing events with longer ON times deviate from power law fits for 
CsPbI3 nanocrystals.
174 Also, CsPbI3 ON events are longer lived than CsPbBr3, while the 
OFF states have a similar average duration.  
 
Photostability of CsPbX3 Nanocrystals 
To assess nanocrystal photostability, a solar simulator was used to illuminate drop cast 
nanocrystal films under ambient conditions. XRD patterns of the samples after 2, 4, and 
16 h of illumination are shown in Figure 4. Also, as a control experiment, a set of 
samples of each halide composition was kept in the dark under ambient conditions 
(Figure S4), which showed no structural changes over 16 h. CsPbBr3 and CsPbCl3  
 
Figure 4. XRD patterns of A) CsPbCl3, B) CsPbBr3, C) CsPbI3, and D) CsPbI3-MeOAc 
nanocrystals before (fresh) and after exposure to a solar simulator from 2-16 h. 
61 
nanocrystals showed enhancement of the (100) and (200) planes, indicating possible 
orientation effects or anisotropic crystal growth under illumination. Crystal growth is also 
supported by a decrease in the width of the reflections, which is most evident for the 
CsPbBr3 sample after 2 h of illumination. The apparent increase in crystal size is enough 
to elucidate the orthorhombic character of the nanocrystals as seen in the resolved peaks 
at 15 and 15.2° 2θ, and at 30.4 and 30.7° 2θ. The CsPbI3 nanocrystals showed significant 
loss of nearly all reflections after 16 h illumination, indicative of sample degradation into  
non-crystalline products. Interestingly, the CsPbI3-MeOAc sample does not show signs of 
crystal growth and retains all major reflections of the γ-phase. This indicates that their 
more ideal crystalline surface improves the photostability of the nanocrystals.  
The XRD results are supported by Raman measurements of samples after solar 
simulator exposure (Figure S5). The nanocrystals of different halide compositions have 
similar Raman spectra, with one main band between 50 and 120 cm-1 and a broad 
response extending to ~200 cm-1. This single broad band (as opposed to sharp, well-
defined bands commonly observed in Raman spectra) is likely due to dynamic disorder 
within the nanocrystals at room temperature.193 The Raman band intensity increases for 
both CsPbCl3 and CsPbBr3 up to 120 min of solar simulator exposure, which is consistent 
with the XRD patterns indicating crystal growth. CsPbI3 is the only sample that degrades 
over time with solar simulator exposure based on the Raman spectrum. 
 To monitor the effect of illumination on the photophysical states of the 
nanocrystals, single crystal luminescence movies were collected on diluted samples after 
2 and 4 h of illumination by the solar simulator. The histograms are shown in Figure 5, 
with fit statistics shown in Table S2. The CsPbBr3 sample showed the most significant 
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change after light exposure; ON events were both fewer in number and much shorter in 
duration. Likewise, OFF events for this sample trended toward longer times while also 
decreasing in number of occurrences. For the CsPbI3 sample, the ON-OFF histograms 
after 2 and 4 h solar simulator exposure show very similar characteristics in both number 
of events and trends for fit parameters, with only slight increases in longer lived states.  
 
Figure 5. ON-OFF histograms of CsPbBr3, CsPbI3, and CsPbI3-MeOAc nanocrystals following 
solar simulator exposure for 2 and 4 h. In all samples a minimum of 40 nanocrystals were 
analyzed to generate the histograms. 
 
Thus, while XRD shows the material eventually degraded after 16 h, the photophysical 
states do not appear to change over the first 4 h. For the CsPbI3-MeOAc sample, which 
exhibited few ON-OFF events prior to illumination, the ON-OFF histograms after 2 and 4 
h solar simulator exposure show steadily increasing numbers of ON-OFF events, 
especially OFF events with longer durations. Combining the results from all 
photostability experiments, the CsPbBr3 and CsPbI3-MeOAc nanocrystals both undergo 
changes in their luminescence states over time, which is one measure of photo-instability.  
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Thermal Stability of CsPbX3 Nanocrystals 
 Even though the photostability is critically important for these materials in 
downstream applications, for many applications the thermal stability is important as well.  
In an effort to elucidate the thermal stability and compare to the photostability data of 
these nanocrystals, thermal stability measurements were performed. A temperature-
controlled stage was used to expose drop-cast samples of nanocrystals to elevated 
temperatures after purging with nitrogen, and then XRD patterns were collected. The 
XRD patterns for the CsPbX3 perovskite nanocrystals after heating are shown in Figure 
6. For the three halide compositions, there are three different outcomes as a result of 
elevated temperatures. CsPbCl3 nanocrystals initially show crystal growth up to 100 °C 
but show signs of degradation at 250 °C based on the SNR of the XRD pattern. While the 
cubic phase appears to be degrading, the identity of the degradation product(s) is not 
revealed by XRD. CsPbBr3 nanocrystals show similar behavior to the photostability 
measurements upon heating, that is crystal growth leads to a decrease in the width of the 
reflections and a clear orthorhombic pattern emerges. The crystal structure persisted even 
up to 250 °C. On the other hand, CsPbI3 nanocrystals undergo a structural change 
beginning at 50 °C showing a transition from the luminescent γ-phase to a combination 
of PbI2 and δ-phase CsPbI3 (which is yellow in color, non-luminescent and thus not 
viable for devices). By 250 °C, the phase change is essentially complete, and there is a 
loss of all γ-phase reflections. It is known that the δ-phase is thermodynamically 
favored,194 so this result makes sense at the elevated temperature. The CsPbI3-MeOAc 
sample undergoes a very similar structural change from the γ-phase to the δ-phase above 
100 °C. Both CsPbI3 samples show reflections from PbI2. Dastidar et al. showed CsPbI3  
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Figure 6. XRD patterns of A) CsPbCl3 B) CsPbBr3 and C) CsPbI3 and D) CsPbI3-MeOAc 
nanocrystals following exposure to the elevated temperatures shown. 
 
is stable in the cubic phase up to 100 °C in a dry environment, thus our results confirm 
atmospheric moisture combined with heating accelerate the δ-phase transition.195  
Compared to the samples studied by Liao et al. wherein no crystal growth was reported, 
our CsPbI3 and CsPbI3-MeOAc samples underwent phase changes at lower temperatures 
and exhibited crystal growth. With the exception of CsPbI3, no clear degradation products 
are observed in the XRD patterns, so other complementary analysis techniques were 
employed to explore the possible products of thermal stress.  
Raman spectra were acquired for each halide composition at room temperature 
(21 °C) and then after heating to 250 °C and cooling back to room temperature (Figure 
7). The high temperature spectra are not shown as the high kinetic energy produces a high 
background that obscures the Raman signal for all samples. Importantly, CsPbI3 is the 
only sample that does not recover the original band structure, which would be consistent 
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with XRD results if the δ-phase has a lower Raman cross section than the γ-phase. The 
other halides show similar spectra before and after heating, with a slight increase in the 
band around ~120 cm-1 for CsPbBr3. For CsPbCl3, it is curious that the Raman spectrum 
is retained after heating but the sample appears to be partially degraded in the XRD 
results. This could be due to the difference in sampling between these techniques: XRD 
probes a large sample area, whereas Raman spectroscopy is collected on small aggregates 
that are visible in the microscope image. If the sample degradation starts with single 
crystals (and there is minimal degradation of aggregates), the Raman spectrum would 
remain relatively unchanged while the XRD pattern would decrease, as shown in our 
results.  
 
Figure 7. Raman spectra of A) CsPbCl3, B) CsPbBr3, and C) CsPbI3 nanocrystals before and after 
heating to 250 °C and allowing the samples to cool. 
 
 
 Single crystal luminescence movies could not be collected during heating cycles 
due to instrument limitations, so solution-phase fluorescence spectra were acquired to 
observe the effect of temperature on the luminescence band for CsPbX3 nanocrystals 
(Figure S6). In general, an increase in temperature leads to luminescence quenching 
when the thermal (kT) energy approaches the trap state energy.173 We observe this as well 
(by comparing the SNR of normalized spectra), along with slight shifts in the 
luminescence maximum. The CsPbCl3 sample shows a slight red shift as temperature is 
increased, which appears to be partially reversible after cooling back to room 
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temperature. For CsPbBr3 and CsPbI3, slight blue shifts are observed with heating, 
however, CsPbBr3 does not shift back upon cooling, indicating an irreversible process 
occurred. In contrast, CsPbI3 completely recovers the original luminescence maximum. 
Irreversible processes typically involve changes within the material, while reversible 
processes involve changes to surface states.173  
 
Figure 8. TGA-FTIR Mass loss and Gram-Schmidt curves for CsPbX3 nanocrystals from 40-500 
°C. The Gram-Schmidt curves monitor the total change in FTIR signal over time, indicating FTIR 
detection of mass loss products. 
 
  The thermal decomposition products were further analyzed with TGA-FTIR 
measurements and the results are shown in Figure 8. In addition to mass loss plots, the 
Gram-Schmidt curves for each sample are shown as well, which represent the total 
change in the FTIR signal based on successive measurements. In all samples, the mass 
loss from roughly 100-200 °C corresponded with oleylamine and oleic acid surface 
ligands, while the rest of the mass loss above 250 °C is due to CO2, which can be from 
reaction and breakdown of the surface ligands with the O2 from the 80% N2 and 20% O2 
gas flow used in these measurements. Though octadecene is present in the reaction as 
well, it has been shown that oleic acid and oleylamine are the binding surface ligands, 
and the chemistry at the surface of these crystals is dynamic and cooperative.196-197 These 
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results are similar to recent reports showing TGA measurements of CsPbI3,
195 CsPbBr-
3,
198 and Mn2+-doped CsPbCl3.
16 In the case of CsPbI3, the previous report indicates the 
bulk material begins to degrade above 400 °C, which helps explain the rapid mass loss 
we observed for nanocrystals of the same composition. Representative FTIR spectra 
(Figure S7) show the surface ligands and CO2 signal measured at selected temperatures. 




The halide composition of the CsPbX3 nanocrystals has a significant effect on 
their stability. While exhibiting bright luminescence and good photostability, CsPbI3-
MeOAc nanocrystals are the most prone to degradation under heating. CsPbI3 
nanocrystals exhibit the most stable photophysical states by single crystal luminescence 
analysis, but eventually degrade under light and readily degrade under heating. CsPbBr3 
nanocrystals are the most resilient to degradation, though the photophysical states appear 
to change based on single crystal luminescence analysis during illumination in ambient 
conditions, which does represent photo-instability. CsPbCl3 showed good stability under 
illumination and at elevated temperature, with possible crystal growth or orientation 
effects observed during illumination. While the smaller CsPbI3-MeOAc nanocrystals 
show improved photostability compared to larger CsPbI3 nanocrystals, it is also possible 
that surface chemistry differences in these two samples produce some or all of this effect. 
Additional experiments will be informative in unravelling which has the more dominant 
effect. Substituting Cs+ in place of the methylammonium cation improves the stability for 
all compositions based on a comparison to published data,139 although surface protection 
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or encapsulation is still necessary for long-term downstream applications of CsPbX3 




Lead chloride (PbCl2, 99%), lead bromide (PbBr2, 99%), lead iodide (PbI2, 99%), 
1-octadecene (ODE, 90%), oleic acid (OA, 90%), oleylamine (OLA, 80-90%), and 
cesium carbonate (Cs2CO3, 99.9%) were purchased from Sigma Aldrich. 
Preparation of the Nanocrystals 
CsPbX3 nanocrystals were synthesized using a modified literature procedure.
2 
Briefly, PbX2 (0.188 mol), PbCl2 (0.087 g), PbBr2 (0.069 g), PbI2 (0.052 g), was added to 
an oven-dry three-neck 250 mL flask containing ODE (5 mL),  oleic acid (0.5 mL), and 
oleylamine (0.5 mL). The contents were degassed at 80 C for 1 h and the flask was 
refilled with Ar and heated to 150 C. A Cs-oleate solution (0.4 mL, 0.125 M in ODE) 
prepared by dissolving Cs2CO3 (2.49 mmol, 0.814g) in 40 mL of ODE was quickly 
injected, and 5 s later the reaction mixture was cooled by an ice-water bath. The 
nanocrystals were purified by crashing two times with 1:1 (v/v) acetone/methanol 
solution and centrifugation at 4500 rpm for 5 min followed by redispersion in 5 mL of 
toluene. In the case of CsPbI3, purification was also carried out using methyl acetate in 
order to generate smaller nanocrystals, following the work of Swarnkar et al,180 
subsequently referred to as CsPbI3-MeOAc.   
Transmission electron microscopy (TEM) was performed using a Tecnai G2 F20 
field emission TEM instrument (FEI, Hillsboro, OR) operating at ≤200 kV. Samples were 
prepared by placing 1 or 2 drops of concentrated toluene solutions onto carbon-coated 
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copper grids. Powder X-ray diffraction (XRD) was measured using Cu Kα radiation on 
an Ultima IV diffractometer (Rigaku, The Woodlands, TX). The scanning range was 10-
60° 2θ, with a step size of 0.02°. 
Optical Characterization 
Solution extinction (absorption plus scattering) spectra were measured using a 
photodiode array 8453 UV-Vis spectrophotometer (Agilent, Santa Clara, CA). Steady-
state photoluminescence (PL) spectra were measured using a Nanolog scanning 
spectrofluorometer (HORIBA Scientific, Edison, NJ) equipped with a liquid nitrogen-
cooled InGaAs photodiode array. The excitation wavelength was 350 nm for CsPbCl3 
and CsPbBr3, and 500 nm for CsPbI3. 
Single crystal photoluminescence movies were recorded on an Eclipse 80i upright 
microscope (Nikon Instruments, Melville, NY) fitted with a 100× (1.49 NA) oil 
immersion objective. An Xcite 120 PC mercury lamp was used for excitation (EXPO 
Photonic Solutions, Quebec City, Quebec, Canada). The nanocrystals were diluted 1:100 
and sonicated for 60 min prior to drop casting onto glass microscope coverslips (Electron 
Microscopy Sciences, Hatfield, PA). 500 ± 10 nm excitation and 535 ± 15 nm emission 
filters were used for CsPbBr3, and 510 ± 10 nm excitation and 731 ± 70 nm emission 
filters were used for CsPbI3. The epi-luminescence was detected by an Evolve EMCCD 
camera (Photometrics, Tuscon, AZ). PL movies were collected with an acquisition time 
of 20 ms and a length of 2000 frames, and factoring in readout time the total analysis 
time was 60 s. The EM gain settings for each sample type were 20× (CsPbBr3), and 1× 
(CsPbI3), and 5 movies of each sample type were recorded. 
Raman microspectroscopy was performed on nanocrystals using an XploRA Plus 
confocal Raman microscope (HORIBA Scientific, Edison, NJ) fitted with a 100× (0.90 
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NA) objective. The samples were drop cast onto glass slides and dried under ambient 
conditions. A 785-nm laser operating at 0.8 mW (~2 × 104 W/cm2) was used for 
excitation with an edge filter, allowing for data collection down to 40 cm-1. Two 
accumulations of 60 s each were acquired to exclude cosmic rays. The data were plotted 
using IGOR 6.37 (WaveMetrics, Portland, OR).  
Photostability Study 
To assess the photostability of the nanocrystals, a model 10500 compact solar 
simulator lamp (Abet Technologies, Milford, CT) was used to illuminate drop cast 
nanocrystal samples. At intervals, Raman spectra and XRD patterns were collected on 
full-concentration samples, while single crystal luminescence movies and luminescence 
spectra were collected on 1:100 diluted samples to observe signs of degradation. All 
measurements were carried out using conditions outlined above. 
Thermal Stability Study  
For thermal stability measurements, 10 μL of the nanocrystal samples was drop 
cast onto cover glass and was allowed to dry for 30 min. A THMS600 temperature stage 
equipped with a LNP95 liquid nitrogen pump (Linkam Scientific Instruments, Tadworth, 
UK) was used to heat the samples after purging with nitrogen, using a ramp rate of 40 
°C/min and allowing 30 min stabilization time for temperature changes. For Raman 
spectra, a 50× (0.5 NA) long working distance objective was used, acquiring spectra at 
room temperature, then 250 °C, then after cooling back to room temperature. XRD 
patterns were collected for samples heated to 50, 100, and 250 °C with stabilization 
periods of 5 min after being resuspended in toluene and drop casted onto a silicon XRD 
sample holder.  
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Thermogravimetric analysis coupled with FTIR (TGA-FTIR) was performed on 
an STA449F1 TGA/DSC System (Netzsch, Selb, Germany) using Al2O3 crucibles. The 
temperature program was an isothermal step at 40 °C for 5 min followed by a 10 °C/min 
ramp from 40-500 °C. The purge gases were set to 10 mL/min high purity N2, 10 mL/min 
high-purity O2, and 30 mL/min high-purity N2 on the protective line to simulate air while 
maintaining low residual H2O in the furnace. The system was coupled to a Tensor 10 
FTIR (Bruker, Billerica, MA) equipped with a TGA-IR temperature controlled 10 cm 
lightpipe sample stage set to 200 °C, and transfer lines were also kept at 200 °C. 1-2 mg 
of nanocrystals were deposited in the crucibles for analysis.  
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Additional Experimental Details 
Time-Correlated, Single-Photon Counting Photoluminescence Decay 
Time-resolved luminescence data were collected using a home-built, time-
correlated, single-photon counting (TCSPC) instrument with a SPC-630 TCSPC module 
(Becker & Hickl GmbH).  A home-built titanium-sapphire laser was frequency doubled 
at a central wavelength of ~395 nm and the repetition rate was tuned to 2.9 MHz to 
obtain the excitation source. The excitation beam was vertically polarized.  Emission was 
detected at the “magic angle” (54.7°) with respect to the excitation using a 415-nm, long-
pass filter.  The instrument response function (IRF) was measured by collecting scattered 
light at 395 nm (without the emission filter).  The full-width at half-maximum (FWHM) 
of the instrument function was typically ~50 ps.  The TCSPC data were collected in 1024 
channels (bins), providing a time resolution of 322 ps/channel, and a full-scale time 
window of 330 ns. The data were analyzed in SPCImage v5.3 software package that uses 
the nonlinear least square fitting technique. 
Single Crystal Fitting Procedure 
 To study the photophysics of single nanocrystals, the PL movies were analyzed as 
follows. First, a resultant average image for each movie was generated in ImageJ. 
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Second, single nanocrystals were highlighted by applying a band-pass intensity threshold 
followed by an area threshold to the resultant image. The intensity threshold excluded 
background pixels and bright regions where multiple nanocrystals were located, which 
are much brighter than single nanocrystals. The area threshold excluded areas where 
aggregates have formed but may not entirely overlap. The intensity thresholds were 
~1300-3700 and ~900-2200 counts for CsPbBr3 and CsPbI3, while the area threshold was 
set at less than 20 square pixels for both compositions. The Analyze Particles function in 
ImageJ was used to identify single nanocrystals suitable for analysis. Third, for each 
single crystal identified, a Z-axis projection of the brightest pixel was plotted along with 
a local background pixel selected 4 pixels away. To establish frames where the 
nanocrystal was ON (in a luminescent state) or OFF (in a dark state), the limit of 
luminescence detection for each single crystal was calculated as the average 
luminescence intensity plus three times the standard deviation for the background pixel 
for all 2000 frames. In this way, each crystal analyzed has a unique background pixel and 
limit of detection. Thus, a single crystal is ON for a frame if the measured intensity was 
above the limit of detection for that frame. To categorize the luminescence type of the 
nanocrystals, the luminescence intensity vs. time and histogram of luminescence 
intensities of each crystal were plotted, and linear regressions were calculated for 
luminescence intensity vs. time data. Nanocrystals that show 2 distinct distributions of 
intensities were classified as Bimodal. Nanocrystals that show non-significant slopes (m 
< 3σbkgd, 3 times the standard deviation of the background for the total analysis time) 
were classified as Constant. Nanocrystals that show a change in intensity at a significant 
rate (|m| > 3σbkgd) were classified as Photobleaching (decreasing intensity) or 
81 
Photobrightening (increasing intensity). Nanocrystals that showed extremely intermittent 
intensity and were in the ON state less than 20% of the time were classified as Other.  
 
Figure S1. (Top) Time-correlated, single-photon counting photoluminescence data and 




Figure S2. Representative single frame images from single crystal luminescence movies. 
Figure S3. Representative intensity vs. time data for luminescence types of CsPbX3 
nanocrystals and count statistics for luminescence types.  
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Table S1. Count statistics of photoluminescence types for CsPbBr3, CsPbI3, and CsPbI3-
MeOAc nanocrystals. Details of the classifications are found above in the text describing 
the single crystal fitting procedure. 
 
a = On% denotes the percentage of ON frames from all nanocrystals over the total analysis time. 
 
 
Figure S4. XRD control experiment of A) CsPbCl3, B) CsPbBr3, and C) CsPbI3 
nanocrystals kept in dark, ambient conditions.   
 
Figure S5. Raman spectra for A) CsPbCl3, B) CsPbBr3, and C) CsPbI3 nanocrystals as a 
function of illumination time with solar simulator.  
 
  
 Constant Photobleaching Photobrightening Bimodal Other Total On%a 
CsPbBr
3
 138 62 31 29 7 267 87% 
CsPbI
3





50 184 7 9 0 250 99% 
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Table S2. Fit statistics for power law and multi-exponential fits of ON/OFF data for 
CsPbX3 nanocrystals. A three-exponential fit was used because of the wide distribution 
of long-lived states, and because the correlation (based on R2) was much higher than a 
biexponential fit, except for the fresh and 2 h OFF series for CsPbI3-MeOAc 
nanocrystals. The calculated average τ is the weighted average of the multi-exponential 
terms. Error was estimated by performing 1000 Monte Carlo simulations. In the case of 
the CsPbI3-MeOAc Fresh and 2 h OFF series, the data was fit to a bi-exponential since 
there were so few time bins in these series. 
 
CsPbBr3  ON Events  OFF Events 
 Fit Parameter Fresh 2 h 4 h Fresh 2 h 4 h 
Power Law 𝛼 




2.79 ± 0.03 










































0.14 ± 0.01 









0.35 ± 0.03 
𝑎3 












𝜏3  5.7 ± 0.9 2.0 ± 0.1 0.31 ± 0.07  0.98 ± 0.07 2.7 ± 0.3 2.8 ± 0.2 
Calculated 
Average 








Fresh 2 h 4 h Fresh 2 h 4 h 
Power Law 𝛼  1.28 ± 0.01  1.50 ± 0.01 1.38 ± 0.01  1.91 ± 0.02  
2.05 ± 
0.02 






































0.06 ± 0.01 
𝜏2  0.39 ± 0.04 0.58 ± 0.02 0.68 ± 0.05  0.13 ± 0.01 
0.075 ± 
0.009 
0.078 ± 0.007 
𝑎3 












𝜏3  13.5 ± 0.8 9.9 ± 0.9 10.5 ± 0.9  1.9 ± 0.3 
0.37 ± 
0.06 
0.6 ± 0.1 
Calculated 
Average 








Fresh 2 h 4 h Fresh 2 h 4 h 
Power Law 𝛼  0.88 ± 0.03  0.90 ± 0.03 1.42 ± 0.03  2.6 ± 0.1  2.7 ± 0.2 1.83 ± 0.04 
Multi-
Exponential 
𝑎1 0.91 ± 0.05 0.90 ± 0.04 
0.982 ± 
0.007 
0.94 ± 0.02 
0.97 ± 
0.02 
0.97 ± 0.01 







0.037 ± 0.003 
𝑎2 0.08 ± 0.01 0.09 ± 0.01 
0.017 ± 
0.002 
0.06 ± 0.02 
0.03 ± 
0.02 
0.028 ± 0.003 
𝜏2  0.78 ± 0.09 1.8 ± 0.2 0.46 ± 0.05 




0.24 ± 0.02 
𝑎3 






 - - 
7.1E-6 ± 0.8E-
6  
𝜏3  25 ± 3 24 ± 3 12 ± 1  - - 25 ± 3 
Calculated 
Average 
𝜏 0.363 0.453 0.045 0.011 0.013 0.043 
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Figure S6. Normalized solution photoluminescence spectra of CsPbX3 nanocrystals at 





Figure S7. Representative FTIR spectra from TGA-FTIR analysis of CsPbX3 
nanocrystals at selected temperatures, showing loss products. The bands from 1300-1700 
cm-1 and 3600-3900 are from slight water and methane impurities in the instrumental 
setup. In each plot, the lower temperature spectrum shows bands from oleylamine/oleic 
acid surface ligands, and the higher temperature spectrum shows CO2 bands as a result of 
surface ligand decomposition. 
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Abstract 
Recent advances in microscopy have enabled subdiffraction imaging, or going 
beyond the Abbe diffraction limit of light, to investigate fine structures previously only 
resolvable in electron microscopy. In this work, the concept of saturated excitation 
microscopy is extended to the photoluminescence of inorganic semiconductor 
nanocrystals. Demodulation of the luminescence signal at harmonics of the fundamental 
frequency (2f, 3f, etc). For QD655 (CdSe/ZnS core/shell) quantum dots, the resolution 
improvement was found to be 23% when demodulating the signal at the third harmonic. 
Though the resolution achieved here is not as high as with other subdiffraction techniques 
such as STED or STORM, saturated luminescence offers a simple approach to resolution 
improvement. This work could prove beneficial to the characterization of new materials 






Subdiffraction microscopy techniques allow for the study of sample features 
smaller than the Abbe diffraction limit. Generally, one of two strategies are employed for 
subdiffraction imaging: a spatial or temporal modulation of the excitation light to reduce 
the point spread function, or the aggregation into a resultant image of numerous two-
dimensional localizations of photoswitchable fluorophores.30 Many of these techniques 
can push the microscopy resolution well below 100 nm, giving rise to previously 
unresolvable cellular structural details. In many cases, the extent of resolution 
improvement correlates to the degree of experimental complexity, either in terms of 
optical components and alignment, or careful selection of caged/photoswitching 
fluorophores and imaging conditions followed by extensive post-processing of large data 
files. Often there is also an exchange for spatial and temporal resolution, both of which 
can be important based on the sample of interest. Some examples of excitation 
modulation-based subdiffraction techniques include stimulated emission-depletion 
(STED) microscopy,26, 199 structured illumination microscopy (SIM),25, 43 saturated 
structured illumination microscopy (SSIM),44, 200 plasmonic structured illumination 
microscopy (PSIM),32, 201 and saturated excitation (SAX)39, 42, 202 microscopy. Common 
examples of localization-based subdiffraction techniques are photo-activated localization 
microscopy (PALM)23, 203 and stochastic optical reconstruction microscopy (STORM).29, 
204  
Saturated excitation microscopy, pioneered by Katsumasa Fujita, is a simple 
approach to subdiffraction imaging through temporal modulation of the excitation light.42 
By demodulation at harmonics (nf) of the fundamental modulation frequency (f), non-
linear information can be obtained. The Gaussian intensity profile of the laser spot leads 
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to the effect that only the high-intensity area (center of the spot) generates saturation, and 
thus higher order demodulation leads to resolution improvement. The resolution 
improvement is theoretically unlimited, though finite laser power, sample integrity, and 
detector efficiency all limit the observable resolution gains. This technique has been 
demonstrated for several different mechanisms, including fluorescence in biological 
samples,33, 39-40, 202 scattering of gold nanoparticles,205 and coherent anti-Stokes Raman 
spectroscopy.206 In general, a qualitative resolution improvement is shown in images 
collected at higher harmonics (larger n) since the harmonic content comes from a smaller 
region than the diffraction-limited laser spot.  
In this work, we sought to extend the concept of using saturated excitation 
microscopy to measure luminescence of inorganic semiconductor nanocrystals. To the 
best of our knowledge, luminescence has not been studied previously as a saturated 
excitation mechanism. Quantum dots have previously been shown to produce 
subdiffraction images through second- and third-order photon antibunching, though this 
is a different mechanism than the modulation method proposed here.31 The robust 
material characteristics combined with bright photoluminescence make inorganic 
quantum dots favorable candidates for resolution improvement through saturated 
excitation. In addition, information about the photophysics of quantum dot samples may 




Ethanol (95%) and Life Technologies QD655 quantum dots were purchased from 
ThermoFisher. Rhodamine 6G was purchased from Allied Chemical and Dye 
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Corporation. Poly-L-lysine (0.1% aqueous), p-phenylenediamine, and glycerol (99%) 
were purchased from Sigma-Aldrich and used without further purification.  
Saturated Luminescence Instrumentation 
 The saturated luminescence platform was home built on an air-stabilized optical 
table (Newport Corporation, Irvine, CA). To modulate the excitation source, a modified 
Mach-Zehnder interferometer was used. A 250-mW 532-nm GEM (Laser Quantum, 
Fremont, CA) diode laser was separated into two arms using a 50:50 beam splitter cube, 
and two acousto-optic modulators (AOMs, IntraAction Corp, Bellwood, IL) operating at 
40.00 MHz and 40.01 MHz were used to doppler shift the laser emission by their 
respective radio frequencies. The first diffracted line of each AOM was selected by an 
aperture and recombined at a second 50:50 beam splitter cube, which produces a 
sinusoidal modulation at the difference frequency of the two AOMs (in this case, 10 
kHz). One output line from the interferometer was sent through an OD2 neutral density 
filter to a photodiode (SM1A, Thor Labs, Newton, NJ), which was amplified by a 
PDA200 amplifier (Thor Labs) and coupled to the reference input of an SR830 lock-in 
amplifier (Stanford Research Systems, Sunnyvale, CA). A BE03M beam expander (Thor 
Labs) expanded output from the second output line into the back port of a Ti-U inverted 
microscope (Nikon Instruments, Melville, NY)equipped with a Plan Apo DC 100× Oil 
(1.40 NA) objective using a 532 nm BrightLine super-resolution dichroic mirror (IDEX 
Health & Science, Rochester, NY). Emission from the sample was passed through a 650 
± 100 nm fluorescence filter, a 200 μm pinhole at the back focal plane of the microscope, 
and an additional 542-nm long-pass filter before detection by an R928P photomultiplier 
tube (Hamamatsu Photonics, Bridgewater Township, NJ), which was terminated with a 
50 Ω load resistor into the lock-in amplifier. A PCI-6032E data acquisition card (National 
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Instruments, Austin, TX) digitized the data stream from the lock-in amplifier. A 562.3CD 
PIMars XYZ piezo stage (Physik Instrumente, Auburn, MA) provided precision sample 
movement to generate images. Custom LabVIEW code controlled stage movement and 
data acquisition from the lock-in amplifier. The modulation depth was observed and 
optimized using a 9350AM oscilloscope (Teledyne LeCroy, Chestnut Ridge, NY). In all 
experiments, the modulation depth was greater than 97%. Data was plotted using 
MATLAB (Mathworks, Natick, MA) and cross sections were measured using ImageJ. 
Gaussian fitting was carried out using IGOR 6.36 (Wavemetrics, Portland, OR). 
Sample Preparation 
 A custom-built sample holder was constructed to hold glass coverslips in the 
aperture of the piezo stage. For rhodamine 6G measurements, wells were constructed 
from adhesive-backed rubber tape fixed to glass coverslips, and 50 μL of a 10 μM 
solution was added to the well. For laser spot size determination, citrate-stabilized ~50-
nm gold nanoparticles were dropcast on poly-lysine treated glass slides. For 
luminescence measurements, QD655 quantum dots (Life Technologies) were diluted to 
~3 nM and drop cast onto poly-lysine coated glass coverslips. Subsequently 10 μL of an 
anti-fading solution (consisting of 0.02% p-phenylenediamine in a 10:90 v/v solution of 
tris buffer, pH = 8.5, and glycerol) and a second coverslip were placed. The samples were 
then clamped in the sample holder for imaging. Using a combination of ND filters and 
laser settings, the range of laser powers used was 1.7 × 104 to 5.0 × 106 W/cm2.   
  
Results and Discussion  
 Subdiffraction information via saturated luminescence microscopy can be used to 
study fine structure and surface quality/defects in nanocrystal films, which may be used 
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to tune these properties. To assess the feasibility of saturated luminescence of inorganic 
quantum dots for subdiffraction imaging, a home-built instrument was constructed as 
shown in Figure 1. Briefly, a 532-nm laser is sinusoidally modulated at 10 kHz via two  
 
Figure 1. Instrumental schematic for saturated luminescence microscopy. A 532-nm laser is 
modulated via two AOMs in a Mach-Zehnder configuration and demodulation is carried out by 
the lock-in amplifier. A photodiode passes the reference signal to the lock-in. Abbreviations: BS 
50:50 beam splitter cube, AOM acousto-optic modulator, AP aperture, PD photodiode, BE beam 
expander, PH pinhole, PMT photomultiplier tube.  
 
acousto-optic modulators (set to 40.00 and 40.01 MHz) operating in a Mach-Zehnder 
configuration. Half the output is detected by a photodiode that passes signal to the 
reference channel of the lock in amplifier, while the other half is sent to the microscope. 
The signal is collected through two long pass filters to efficiently block the laser line and 
passed through a pinhole and detected by a photomultiplier tube, which passes the signal 
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to the input channel of the lock-in amplifier. An XYZ piezo stage with ±2 nm precision 
scans the sample over the objective to generate an image.  
 In order to test the system and demonstrate harmonic detection, fluorescence from 
a 10 μM solution of rhodamine 6G was measured at several laser irradiances and the 
results are shown in Figure 2. Demodulating at the fundamental (10 kHz) results in a 
linear signal up to a laser irradiance of ~105 W/cm2 followed by a diminishing increase in 
signal with no appreciable increase above ~106 W/cm2. This is a result of saturating the 
excited state and later photobleaching of the available rhodamine 6G molecules in the 
focal volume. Similar trends were observed for demodulation at 2f and 3f, although the 
onsets of measurable signal and the slopes of the linear regions are different for these 
harmonics. Based on theory, the expected power dependence of the signal demodulated at 
f, 2f, and 3f in the log-log plot would be 1, 2, and 3, respectively. Fitting the linear 
regions of these data, our results show exponents of 0.85, 1.33, and 2.00. The discrepancy 
in these values is likely a result of photobleaching within the sample combined with 
Figure 2. Measured signal for rhodamine 6G demodulated at the frequencies shown. As 
saturation of the excited state occurs, signals at higher harmonics are observed. The measured 
power dependence of the linear regions were 0.85, 1.33, and 2.00 for 10, 20, and 30 kHz, 
respectively. Lines have been drawn on the linear regions of the data series for easier comparison. 
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saturation of the fluorophore, and compares qualitatively to previous literature reports of 
saturated detection of rhodamine 6G.42 This experiment demonstrated the ability to 
collect signal at harmonics with this setup.  
The laser spot size must be known, as it plays a significant role in the spatial 
resolution and the calculation of laser irradiance. The modulated Rayleigh scattering of 
50 nm gold nanoparticles was used to generate an image (demodulated at f) and 
subsequently measure the laser spot size.  A representative image is shown in Figure 3. 
The laser spot size is determined as the full width at half-maximum (FWHM) in 
horizontal and vertical cross sections. The laser spot was determined to be 260 ± 10 nm, 
which for our system is very nearly the Abbe diffraction limit. Using 532 nm excitation, a 
typical M2 value of 1.1, and an objective of 1.40 NA the calculated diffraction limited 
spot is 253 nm. This shows the system alignment and laser input to the objective are both 
highly optimized.  
 
Figure 3. Representative image showing Rayleigh scattering from individual 50-nm gold 
nanoparticles. The color bar shows voltage of the demodulated signal at f from the lock-in 
amplifier. The step size was 50 nm and the laser irradiance was 2.8 × 104 W/cm2.  
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 QD655 quantum dots were sparsely coated onto a cover slip and used to 
demonstrate saturated luminescence. Images of two areas of the sample demodulated at f 
(10 kHz) and 3f (30 kHz) with are shown in Figure 4. The laser irradiances were 2.7 × 
105 W/cm2 and 2.7 × 106 W/cm2 for the f and 3f images, respectively. The 2f image was 
not collected since the highest order harmonic with adequate signal-to-noise ratio (SNR) 
will provide the best resolution. Comparing the f and 3f images, areas of overlapping 
background signal (which generally reduce contrast in images) are decreased 
significantly. This is likely due to the inability of background signals to be saturated.  
 
Figure 4. Representative saturated luminescence images demodulated at the fundamental (10 
kHz) and the third harmonic (30 kHz). The fundamental images were collected using 2.7 × 105 
W/cm2 while the 3f images were collected with 2.7 × 106 W/cm2. To assess resolution 
improvement, X and Y cross sections of 12 quantum dots were fit to Gaussian curves. The step 
size was 100 nm.  
 
 To quantitatively assess the resolution improvement of the 3f image compared to 
the fundamental, nanocrystals were fitted to Gaussian curves. The average apparent size 
of the quantum dots in the fundamental image was 420 ± 40 nm, while the average 
apparent size of quantum dots in the 3f image was 270 ± 30 nm. This represents a 36% 
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increase in resolution for the same subset of quantum dots. The apparent sizes of the 
quantum dots in the fundamental image are larger than the apparent sizes of the gold 
nanoparticles as measured by scattering. The main difference here is the apparent size of 
the quantum dots is the product of the excitation point spread function and the 
luminescence point spread function, while scattering only depends on the excitation point 
spread function.207 Another possible reason for the observed size difference is the 
potential inclusion of a few aggregates in the quantum dot sizes measured (note the 
standard deviation of measured sizes).  
Interestingly, the extent of resolution improvement differs from quantum dot to 
quantum dot. This is likely a consequence of the quantum yield and luminescence 
lifetime differences among individual quantum dots. A distribution of discrete lifetimes 
leads to different degrees of saturation of the excited state among individual quantum 
dots for a given laser irradiance, and thus more (or less) effective resolution 
improvement. Brighter quantum dots lead to higher SNR, which makes these quantum 
dots easier to distinguish from background and noise in the images collected at 3f. A 
previous literature report investigating saturated scattering of gold nanoparticles as a 
mechanism for subdiffraction imaging shows a broad distribution of sizes among ~10 
nanoparticles, most notably by demodulating at 3f.205 The authors comment that 
aggregated particles undergo a shift in their surface plasmon resonance (SPR) band and 
thus are not saturating the transition to the extent of single nanoparticles, though even 
among non-aggregated nanoparticles an apparent size difference of approximately 50% is 
observed within the 3f image.  
98 
Conclusions 
In this work the practicality and feasibility of a subdiffraction imaging technique 
based on saturated luminescence was investigated. Quantitative Gaussian fits of single 
quantum dots indicate a 36% resolution improvement for images demodulated at 3f when 
compared to the confocal fundamental image. Interestingly, the extent of resolution 
improvement varied from quantum dot to quantum dot, which is likely a consequence of 
the quantum yield and luminescence lifetime varying among single quantum dots, which 
changes the SNR and degree of saturation (and hence the achievable resolution).  
Compared to STED systems the resolution achieved with saturated luminescence 
in this work is larger, though the cost and complexity of the setup are both lower. In 
addition, a wider range of luminescence markers can be used since a single excitation 
wavelength is all that is required, and multiple wavelength capability (e.g. a 405-nm laser 
and a 532-nm laser) could be readily adapted to cover a larger region of the visible 
spectrum. Other localization-based subdiffraction techniques such as STORM have also 
demonstrated higher resolution but require photoswitchable fluorophores and costly CCD 
or scientific CMOS cameras. Saturated luminescence offers a simple approach to 
subdiffraction microscopy using inorganic quantum dots. 
Future work on this technique involves demonstrating resolution improvement in 
an imaging application (e.g. biological samples, thin polymer films) where the 
luminescence will compete with increased background, as well as investigation into the 
correlation between resolution improvement and luminescence lifetime on a single 
quantum dot basis. The latter could be undertaken by adapting the system to pulsed laser 
excitation and single photon counting electronics in order to collect saturated images and 
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CHAPTER 5.    GENERAL CONCLUSION 
In conclusion, two leading nanocrystal compositions for energy applications were 
prepared and fully characterized. Germanium-tin alloy nanocrystals did not show 
evidence of more direct band gap character, but tin incorporation combined with a 
cadmium sulfide shell exhibited up to 15× improvement in photoluminescence intensity. 
This observation is likely due to improved epitaxy (smaller lattice mismatch) between the 
core and shell materials. Additionally, samples with the same composition which showed 
evidence of oxidation in the alloy core resulted in a 100-fold decrease in luminescence 
intensity. These observations will aid in the intelligent design of increasingly efficient 
germanium-based materials in applications such as energy storage and photodetectors.  
The second project described the effects of solar simulated light illumination and 
thermal stress on the stability and photophysics of cesium lead halide perovskite 
nanocrystals. Though the precise degradation products were not always obtained, it was 
observed that the halide composition dictated the stability of the materials, leading to 
crystal growth and photoannealing, crystalline phase transformations, and general 
degradation (loss of crystalline character). In addition, single crystal luminescence 
movies indicate the photophysics of the ON and OFF states are changing, even among 
samples which do not appear to degrade. In lieu of all these observations, nanocrystal 
surface protection via encapsulation or other methods is recommended for long-term use 
in functional devices.  
To aid in the characterization of inorganic nanocrystals, a previously uneplored 
subdiffraction imaging technique was examined: the use of saturated excitation to collect 
subdiffraction information of inorganic quantum dot photoluminescence. By modulating 
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the excitation at the frequency f and demodulating the collected luminescence at 
harmonics of the fundamental (2f, 3f, etc), resolution improvements are observed. A 
resolution improvement of 23% was observed for luminescent quantum dots collected at 
3f. This report showed relatively simple modifications to an inverted microscope coupled 
with phase-sensitive detection allows for subdiffraction information to be collected, 
which could be critical in the characterization of defects in nanomaterials, thin films, and 
even functional devices.  
 
